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Abstract
The accumulation of Naturally Occurring Radioactive Materials (NORM) in the 
scales formed on different production facilities is a well known problem in the oil and 
gas industry. In the year 1998, NORM was identified to be an issue in some Libyan 
land based oil fields. The naturally occurring radioactive materials (NORM) involved 
in this matter are radium isotopes ( Ra and Ra) and their decay products, 
precipitating into scales formed on the surfaces of production equipment. A field trip 
to a number of onshore Libyan oil fields has indicated the existence of elevated levels 
of specific activity in a number of locations in some of the more mature oil fields. In 
this study, oil scale samples collected from different parts of Libya have been 
characterized using gamma spectroscopy through use of a well shielded HPGe 
spectrometer. In accordance with safe working practices at the University of Surrey to 
avoid potential alpha-bearing dust inhalation, the samples, contained in plastic bags 
and existing in different geometries, are not permitted to be processed. MCNPX, a 
Monte Carlo simulation code, is being used to simulate the spectrometer and the scale 
samples in order to obtain the system’s absolute efficiency and then to calculate 
sample specific activities. The samples are assumed to have uniform densities and 
homogeneously distributed activity. Present results are compared to two extreme 
situations that were assumed in a previous study: (i) with the entire activity 
concentrated at a point on the sample surface proximal to the detector, simulating a 
worst-case scenario, and; (ii) with the entire activity concentrated at a point on the 
sample surface distal to the detector, simulating the most optimistic-case scenario.
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Chapter I. Introduction
1.1 Introduction
Oil is the main contributor to the Libyan national economy with a production 
of 1.486 million barrels per day in 2010 from 2060 producing wells [1]. About 5615 
miles of pipelines are used to transport the produced oil on all stages of production in 
2011 [1]. Many wells are located in the oil fields of north eastern Libya, where oil 
was first discovered. Fewer wells are located in the north and several in the newly 
discovered fields in the west of the country.
A common problem in oil production is the accumulation of scale on the 
interior surfaces of oil pipes. The scales are mostly composed of barium sulphate, 
barium carbonate, and calcium carbonate. The scale material originates from the 
reservoir underground formations and the bed rocks, and is carried out by the oil to 
the surface. In some conditions, where water is present, radioactive radium can be 
washed out off the underground rocks and brought to the surface with oil and 
production fluids. Radium is a daughter product of the uranium and thorium natural 
decay series. It is a second period element in the periodic table of the elements, just as 
calcium, barium, and strontium, and it can be substituted for these elements in scale, 
making the scale radioactive. Figure 1.1. The process of scale formation is enhanced 
in mature oil wells, where water is injected into a well to create lifting pressure that 
helps to bring oil to the surface (referred to as ‘artificial lift’).
Depending on the formation and age of the well, removal, storage and disposal 
of the scale can result in serious health and environmental risks if not handled 
properly, both for workers and the public. It is to be noted that thousands of tonnes of 
radioactive scale are released each year by the industry [2], making it also a costly
problem, including the cleaning or replacement of entire sections of affected 
pipelines, wellheads, etc.
. ¥
Figure 1.1: Different pipe scales: a) A hard dark brown scale present in a riser 
oil pipe, b) soft yellow to light-brown scale flakes found in water-oil separator 
pipe, c) a very hard white scale located in a riser oil pipe
1.2 Aim of the Research and the Techniques Used
The radioactive scale problem has not been investigated in detail for the 
Libyan oil industry where much of the production concerns land-based facilities. This 
research work aims to explore the extent of NORM in oil pipe-scales in different oil 
fields and to determine the radionuclides present and their activities. That will help to 
construct scale prevention procedures in the affected areas, and to build NORM 
management and disposal plans.
Some scale samples were collected from oil wells in different locations. Direct 
counting using a gamma spectrometry system is typically carried out to determine the 
radionuclides within each sample and the amount of radioactivity present within the 
sample. The samples would normally be processed and homogenised to obtain a 
uniform density and repacked into a sample container suitable for minimising self 
absorption in the sample. Careful sample handling is required as the scale samples 
containing NORM can have activities that are greatly elevated over that of typical 
background levels of radioactivity. At the University of Surrey, restrictions are in 
place that prohibit the generation of alpha bearing dusts within the lab environment.
This means that the samples cannot be repacked from their original sampling bags. 
The samples are in a number of diverse forms, either as a fine dust, flakes or chunks 
of different sizes. Ideally these should be ground into a fine powder for gamma 
spectrometry, however, this is not possible due to the safety restrictions.
Gamma spectroscopy using HPGe detectors is a very well established and 
widely used non-destructive technique for the measurement of NORM in 
environmental samples [3, 4, 5, 6, 7, 8]. The high energy resolution of the HPGe 
detectors makes it possible to identify almost all gamma lines emitted by the many 
radionuclides within the environmental samples.
Gamma spectrometry detector systems are usually calibrated using a gamma- 
emitting radioactive source that is incorporated into a standard sample container 
representative of the sample counted. For the processed scale samples, a calibration 
sample can be prepared from inert calcium carbonate or sulphate uniformly mixed 
with a multi-radionuclide solution containing gamma energies across the energy range 
of the detector. This is a calibration sample that would have no bias in efficiency due 
to non-uniform activity or density distribution. Processing the scale samples to 
parallel the uniform mixture of the calibration sample would be the most accurate 
means to determine the activity content.
As no processing of the samples can be performed, the density of the sample 
will be non-uniform within the air-scale sample matrix and the activity present within 
the individual chunks or flakes of the material may be non-uniform as well.
In an effort to obtain accurate detection efficiency for the scale samples and to 
minimise errors in the evaluation of the levels of activity, a Monte Carlo particle 
transport technique is being used to model the activity measurement by the gamma 
spectroscopy system. As no information on sample density or activity distribution is 
available, assumptions have been made regarding the uniformity of density and 
activity distribution within the sample.
1.3 Outline of the Thesis
Chapter II covers the basic concepts of ganuna-ray interactions with matter 
and radiation detection, in addition to a brief discussion of the laws of radioactive 
decay and the decay series. The chapter ends with an overview of semiconductor 
detectors and the HPGe detector. A description of the Monte Carlo techniques and 
MCNPX code are provided in chapter III, together vvith a review of use of Monte 
Carlo techniques in gamma spectroscopy. Chapter IV deals with NORM in the oil 
industry, discussing its history, origins, and hazards. In Chapter V a description of a 
field study and its outcomes is provided, and the details of an initial estimation of the 
collected sample activities is given. The main samples simulation procedures and the 
evaluation of their activities is provided in Chapter VI. Finally, concluding remarks 
on the entire work is drawn in Chapter VIII.
Chapter II. Radiation, NORM, and Radiation Detection
2.1 Types of Radiation
The nucleus of an atom is composed of positively charged protons and 
electrically neutral neutrons bound together. Protons and neutrons are referred to as 
nucleons. An elemental nucleus notation takes the form; , where, X  is the element 
symbol, A is the sum of the number of protons and neutrons and is referred to as the 
mass number, and Z is the number of protons, which defines the element, and is 
referred to as the atomic number. Two main forces are acting on the nucleons in the 
nucleus; a Coulomb repulsive force between the protons which is comparatively weak 
but acts over a relatively long range, and a nuclear attractive force between the 
nucleons which is very strong force acting over a very short range strongly confined 
to the nuclear dimension. In some nuclei the number of protons and neutrons leads to 
a balance between the two forces, and that can keep the nucleus intact, or stable. 
Conversely in others this combination cannot hold the nucleons together, thus the 
nucleons have to rearrange and some particles and/or electromagnetic energy (y-ray) 
has to be released. These nuclei are radioactive. Radiation emission is a means by 
which unstable nuclei release their excess energy and ultimately transfer to a stable 
state. Such transformation may occur by one or more of the following mechanisms [9, 
10, 11, 12]:
■ Alpha decay
■ Isobaric transitions
- Beta emission
- Positron emission
- Orbital (typically k-shell) electron capture
■ Internal transitions
- Gamma emission
- Internal conversion
2.1.1 Alpha Decay
Alpha particles are helium nuclei emitted as a result of the disintegration of 
heavy nuclei (Z>50) that have very low neutron to proton ratios. They are composed 
of two protons and two neutrons { 2 He), so that the emission of an alpha particle 
results in a decrease by two units in the atomic number and by four units in the mass 
number. An example is the decay of ^ ^^Ra nucleus;
where Q is the energy released in the reaction.
Alpha particles have high kinetic energy and at the same time low range in 
matter due to their relatively heavy mass. The total energy released in alpha decay is 
given by:
Q=Mp—Md—Ma  2.1
where Mp, Md and are the masses of the parent, the daughter and the alpha particle, 
typically expressed in amu (atomic mass unit). The energy released appears as kinetic 
energy carried by the daughter nuclide and the alpha particle, and is given by
Q = \ M A + \ M y ^   2 . 2
and from the conservation of momentum
. . . . . . . . 2 . 3
substituting relation (2.3) in (2.2) and taking the alpha particle kinetic energy, E, 
equals to % and then rearranging
E = ------- 9.........    2.4
Alpha particles emitted in decay are mono-energetic, i.e. they have distinct 
energies.
2.1.2 Beta Decay
Another means for a nucleus to rid of the excess energy and approach stability 
is the emission of either a negative or a positive beta particle. A negative beta particle 
{P~ ), also known as negatron, is similar to the orbital electrons (_Je), while a positive 
beta particle usually referred to as positron, is a positively charged
electron .
Negative beta particles are emitted from nuclei with an excess of neutrons 
(high neutron to proton ratio). They are emitted as a result of the decay of a neutron 
into a proton, an electron ( p~ ), and an anti neutrino.
I n ^ p ^ + P
The p  emission increases the atomic number by one unit, and leaves the mass 
number unchanged. An example is the decay of ^ ®Co:
27C0 —>28-Vz* + + V
The total energy release in p~ emission, Q, is given by
Q=Mp-Md-Me  2.5
where Mp, Md and JWg are the masses of the parent nuclide, daughter nuclide, and the 
particle, respectively, and the mass of the anti-neutrino is neglected being 
extremely small. The energy released is shared between the three resultant particles 
according to their masses to conserve momentum. The daughter nucleus has a very 
large mass compared to the beta particle and the anti-neutrino, so it takes a very small 
part of that energy, and the total energy can be seen as completely shared between the 
particle and the anti-neutrino. Each can have from zero to all of the energy
available, so that p  emission is not a mono-energetic process and beta particles can 
have energy from zero to Figure 2.1.
Relative
yield
Endpoifrt energy
0.0 1.0 2.0 
Beta particle energy
Figure 2 .1 : Beta decay spectrum of 36C1 (adapted from[20])
On the other hand, positrons are produced by the decay of protons in nuclei 
with deficit in the number of neutrons (low neutron to proton ratio).
I p ^ l n  + A-V
With positron emission, the atomic number of the nucleus decreases by one 
unit and the mass number remains the same, for instance as in the decay of ^ ^Na:
The energy released in the decay is given by 
Q = M p - M ^ - M  ^ 2.6
where Mp, Md and Me+ are the masses of the parent nuclide, daughter nuclide, and the 
positron, respectively. Again, the very small mass of the neutrino is neglected. The 
emitted positrons have similar energy distribution to p~ particles, where the positron 
shares the released energy with a neutrino.
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The emitted positron will very promptly interact with a free electron and both 
will annihilate each other. Their mass will appear as two gamma photons emitted in 
opposite directions to conserve momentum. Each photon has energy of 0.511 MeV, 
which is equivalent to the rest mass of an electron.
2.1.4 Electron Capture
Electron capture is a decay process experienced by nuclei with a deficit in the 
number of neutrons (low neutron to proton ratio) but which also do not have enough 
energy to emit positrons. In this process one of the orbital electrons is captured by the 
nucleus, where it interacts with one of the protons to produce a neutron
+ V
It is most probable that the captured electron comes from the orbital K shell 
which is the closest orbit to the nucleus, hence, the process is often referred to as K- 
capture. The daughter nucleus has an atomic number one unit lower than that of the 
parent, but it has the same mass number. One such example is:
+ V
The electron lost from the K shell is substituted by an electron from a higher 
shell, and the electron binding energy difference of the two shells is emitted as K shell 
characteristic X-ray.
The total energy released is given by g ,
Q=Mp + Mg — Md — Eb    2.7
where Mp, % , Mg are the masses of the parent nuclide, daughter nuclide, and the 
captured electron respectively, and Eb is the binding energy of the captured electron.
2.1.5 Gamma Emission
Usually, when a nucleus decays by one of the decay modes, alpha, beta, 
positron emission, or electron capture, it is left energetically in an excited state. In 
order to be brought to the ground state, the nucleus emits discrete mono-energetic 
gamma photons, which are high energy electromagnetic radiations. The emission of 
gamma-rays does not change the atomic or the mass numbers of the nucleus. The 
emitted gamma photon energy is equal to the difference between the energies of 
the initial excited state (E\) and the final energy state (E2 ), which could be either the 
ground state or another excited state, see Figure 2.2.
Ey=Ei — E2  . . . . . . . .  2.8
93.5%
0,662
6,5%
Figure 2. 2: Example of different decay levels for 137Cs [13]
2.1.6 Internal Conversion
Internal conversion is another process by which an excited nucleus can reach 
the ground state. In this process the excitation energy E  is transferred to one of the 
innermost orbital atomic electrons causing it to be ejected from the atom. The kinetic 
energy of the ejected electron {E^ is equal to the difference between the excitation 
energy (£) and the electron binding energy {E^);
E ,= E - E ,    2.9
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Internal conversion is also an internal process which leads to no change in the 
atomic or mass numbers of the nucleus.
2.2 Interaction of Gamma Radiation with Matter
There are three main mechanisms with which gamma-rays interact with 
matter. The energy of the radiation affects which type of interaction it undergoes. The 
interactions and their energy dependence are:
1 - Photoelectric effect, dominant at low energies,
2- Compton scattering, more probable at moderate energies,
3- Pair production which occurs only at and above 1.022 MeV increasing in 
probability above this photon energy [11, 14].
Figure 2.3 depicts the dependence of each of the three mechanisms on photon 
energy and material atomic number.
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Figure 2. 3: Interaction mechanisms of X and gamma-rays with matter as a 
function of photon energy and atomic number |13]
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2.2.1 Photoelectric Absorption
In this interaction, the photon interacts with the atom and its energy is 
completely transferred to one of the tightly bound electrons, which is ejected from the 
atom. This freed electron, called a photoelectron, will have kinetic energy equal 
to
Epe=hv-(j) . . . . . . . .  2.10
where h is the Planck constant, v is the photon frequency, and (j) is the electron 
binding energy. Generally, the photoelectric effect is dominant for low energy 
photons interacting in high atomic number (Z) materials.
2.2.2 Compton Scattering
Compton scattering is an elastic scattering between a gamma photon and an 
electron. The electron, called the recoil electron, gains part of the photon energy and 
the photon is scattered with the rest of its energy in an angle 0, see Figure 2.4. The 
scattered photon energy (/2v ) is given by
hv'=  . . . . . . . . 2.11
1 + — ^ ( 1 - c o s ^ )
where moc^ is the rest mass energy of the recoil electron (=0.511 MeV).
Incident photon 
AAAAAAA----
Scattered photon
8
Recoil electron
Figure 2. 4: Compton scattered gamma photon
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2.2.3 Pair Production
Pair production occurs when a gamma photon interacts with the Coulomb field 
of a nucleus. The photon disappears and its energy is converted to an electron- 
positron pair, Figure 2.5. The gamma photon must possess energy higher than 1022 
keV, which is the combined rest mass of the electron and the positron {=2moc^).
-2 / Electron
Photon
Positron
Figure 2. 5: Pair production process
Excess energy over the pair rest mass appears as kinetic energy of the pair:
E = 2mQC + E .+ E +  . . . . . . . .  2.12
where E^ _ is the kinetic energy of the electron and E^  ^ is the kinetic energy of the
positron. Pair production is more probable for higher gamma energies, and it 
dominates the total interaction probability for photon energies above 5 MeV, see 
Figure 2.3.
2.3 Naturally Occurring Radioisotopes and the Decay Series
Many radioactive materials which are now present in the environment were 
produced when the Earth was created about 4.55 billion years ago. These materials are 
characterized by their very long half-lives, comparable or larger than the age of Earth. 
They are referred to as ’Naturally Occurring Radioactive Materials’ (NORM). A few 
of them contribute significantly to the daily radiation doses that humans receive, due 
to their relatively high concentrations in the lithosphere. About 22 of the NORM
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elements are singly occurring radionuclides, where each decays directly to a stable 
nuclide. Except for and ^^Rb, all of the other of these 22 elements have very low 
abundances in nature, and do not contribute largely to the total natural radiation dose.
Besides the singly occurring radionuclides, there are three other naturally 
occurring radionuclides decaying through a series of radionuclides before reaching 
final stable isotopes, and hence they are called ‘the natural decay series’, see Figure
2.6 [15].
The three natural decay series are:
- Uranium series: composed of 15 elements starting with (half-life 
4.468x10^ years) and ending with stable ^^^Pb. Eight elements in the 
series emit gamma radiation, four of which are of significance for 
gamma spectroscopy.
- Thorium series: made up of 12 elements starting with ^^^Th (half-life 
1.41x10^® years) and ending with stable ^®^ Pb. Only three elements in 
this series produce significant gamma radiations.
- Actinium series: includes 12 elements starting vdth (half-life
7.038x10^ years) and ending with stable ^^^Pb. Four of its elements emit
reasonably intense gamma radiations [15].
The average concentrations of natural uranium and thorium in the Earth’s crust 
are 2.8 ppm and 10 ppm respectively [16]. Natural uranium contains 99.27%
0.72% and 0.0057% which is a member of the series, while natural 
thorium is 100% ^^^Th [15]. Each of the three natural decay series has a gaseous
member, which is a different isotope of radon in each chain.
NORM radionuclides are present in almost all types of rocks, sands and soils 
in the Earth’s crust. However, two radionuclides are of special importance to radiation 
safety (of humans and the environment); ^^^Ra, and ^^^Rn because of their high 
mobility. Radium can be found attached to some natural compounds like carbonates, 
gypsum, and limestone. These compounds are soluble in water and can be brought to 
the surface vnth. subsurface waters, or carried away by rivers and streams. Changes in 
temperature and pressure may result in radium being precipitated out on the surfaces 
in which it comes into contact. This is relevant to the interior piping walls investigated 
in this study leading to elevated doses of radiation.
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Conversely, radon is a gas which is produced in the three decay series as a 
result of the decay of radium. It can emanate from the ground rocks and soil to air and 
into buildings and contained in restricted spaces. Radon can be found dissolved in 
water and subsurface fluids [17,18].
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Figure 2. 6: Natural decay series [59]
2.4 Laws of Radioactive Decay
Unstable radionuclides undergo spontaneous decay by one or more of the 
decay modes. The decay process is random in nature in that it is not possible to 
predict which radionuclides will disintegrate and when. What can be predicted in a 
large amount of radioactive nuclei is the total number that will disintegrate in a given 
time interval [19]. The number of disintegrations in one second is referred to as the 
activity, and it is measured in the unit of Becquerel (Bq). The Becquerel represents 
one disintegration per second [14].
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2.4.1 Parent Decays to a Stable Daughter
The rate at which a radioactive sample decays, or the activity, is proportional 
to the number of radioactive nuclei, N, present in the sample and this can be 
represented as [15]:
A = X.N  2.13
where the proportionality constant X is called the decay constant and its unit is the 
reciprocal of time. The activity decreases with time in an exponential manner. 
Figure 2.8, as follows:
A = -d N /d t   2.14
hence,
or,
d N I N  = -Z.dt  2.16
Integrating both sides of the equation results in
N  = N„e-^   2.17
Or the activity A is
A = A„e~^  2.18
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Figure 2. 7: Exponential radioactive decay curve
An important concept in radioactive deeay is the half-life, t\/2 , which is defined 
as the time taken by a given number of radioaetive nuelei, No, to decay to half of its 
original amount. Then from equation 2.17:
Or,
-At,
2A9
Z20
then.
h/2 “
In 2 0.693
A A
2.21
2.4.2 Parent Decays to a Radioactive Daughter
If an initial number of parent radionuclides (No) with deeay constant Âi, 
decays to a radioactive daughter which has zero initial number of nuclei, then the rate 
of decay of the parent is [20, 15]
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^  = -X,N,  2.22
dt
which is equal to the rate of production of the daughter nuclides. The daughter 
nuclides decay as they are formed with decay constant A2 , and their rate of change in 
the number of daughter nuclei is given by:
^  = À .N ,-À ,N   . . . . 2 . 23
dt
From equation (2.17), the number of the parent radionuclides at any time t is given by; 
N ,= N ,e -^ ’  2.24
Combining equation (2.23) and (2.24) gives:
^  = À,N.e-^'  2.25
dt
Solving this first order differential equation gives the number of daughter nuclei at 
time /:
2.4.3 Radioactive Decay Series
A solution for the case of a radioactive decay series, where a parent 
radionuclide decays to a daughter radionuclide, which in turn decays into a grand­
daughter radionuclide, was first derived by Bateman in 1910. Bateman used Laplace 
transformation to solve the set of differential equations that defines the problem [21, 
22]. The decay equation for a radioactive nuclide series is
^  =  2.27
dt
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where Ni and À, are respectively the number of nuclei present and the decay constant 
of the z* nuclide, and The general solution for the equation is given by Bateman 
as:
where Ci, C2 , Q  are coefficients given by
^   jy
(^2 "  A )%
C -  ÀyÀ2....À^ _i ^  . . . . . . . .  2.29
“ -^ 2 )
^
(A
where No is the initial concentration of the parent nuclides, and assuming that all 
daughter initial concentrations equal are to zero.
2.4.4 Branching Decay
Some radionuclides undergo decay through more than one mode. For example, 
decays to "^ C^a by P (89.3%) or to "^ A^r by electron capture (10.7%), as in Figure 
2.8, and ^^^Bi decays to ^^^Po by P (64%) or to ®^^T1 by alpha (36%), as in Figure 2.9.
1.27x10®yr.
10.72% feniEE3=a3rr=;rS 89.28%
Figure 2. 8: decay scheme for 40K [23]
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Figure 2. 9: Decay scheme for 212B1 [24]
2.5 Radioactive Equilibrium
The rates at which the radioactive parent and daughter nuclides decay allow 
for three types of equilibrium [15];
1. Secular equilibrium: which occurs when the half-life of the parent is very 
much larger than that of the daughter (À \« À 2 ). Equation 2.26 then reduces to:
N, =N„ A
>^2 — /Ij
2 J0
The number of daughter radionuclides starts to build up at the rate of the decay of 
the parent, and after about 7 daughter half-lives equilibrium will be reached and 
the activity of the daughter will become equal to the activity of the parent.
2.31
Due to the very long half-life of the parent, both radionuclides will decay at a 
constant rate over future periods of time and their activities will be constant. 
Figure 2.10. The total sample activity in secular equilibrium is twice the activity 
of the parent.
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Figure 2. 10: Secular equilibrium (tl/2  parent »  tl/2  daughter)
2. Transient equilibrium: oceurs when the half-life of the parent is many times 
greater than that of the daughter Figure 2.11. The daughter activity
starts to increase, achieves a maximum, and then decreases to attain the same 
rate of decay as the parent. The total activity of the sample is then the sum of 
the two radionuclide activities. Substituting with a value of t many times larger 
than the parent half-life, equation 2.26 can be reduced to:
-X,t
^  -  A
Alternatively, by substituting from equation 2.24 one obtains:
Ai _ ^2 — Tj
A^2 a,
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233
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Figure 2. 11: Transient equilibrium (tl/2  parent > tl/2  daughter)
3. No equilibrium is the resultant situation if the half-live of the parent is less 
than that of the daughter (ki>X2 ), Figure 2.12. The parent decays rapidly, the 
daughter activity builds up to a maximum value, and then decays with its own 
decay rate.
Tim e
Figure 2. 12: No equilibrium (tl/2  parent < tl/2  daughter)
2.6 Radiation Detection and Semiconductor Detectors
Many types of detector are used for the measurement of the various types of 
radiation. A suitable and very widely used detector for environmental gamma
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radiation measurements is the HPGe detector. This is a semiconductor detector that is 
characterized by high energy resolution, allowing it to distinguish between gamma 
photons that are separated by energy differences of only a few keV. In particular, such 
high resolution is essential for the detection and analysis of complicated gamma 
spectra resulting from environmental materials.
The electric conductivity of materials depends on the arrangement of energy 
bands within the atoms. Figure 2.13. Insulator materials have a wide forbidden region 
( - 1 0  eV) between the completely filled valence band and the conduction band, so 
that the electrons cannot reach the conduction band.
In conductor materials the valence band and the conduction band are 
connected. The valence band is usually inhabited by free electrons which are moved 
by thermal excitation from the valence band leaving in place positive holes. The 
application of an electric field will allow the flow of electric current.
Semiconductor materials are characterized by a small energy gap separating 
their valance and conduction bands. At nonzero temperature, room temperature for 
instance, some valence electrons can gain sufficient energy to jump to the conduction 
band, and this allows for very limited conductivity of the material and very low 
background current. When the material is cooled down to low temperatures, the 
number of electrons in the conduction band will be reduced causing the conductivity 
of the material and the background current to diminish [13, 14].
Conduction
band
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E~10eV
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bands
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Figure 2.13: Energy bands in: a) insulator, b) conductor, and c) semiconductor materials
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Thermal excitation of a completely pure semiconductor material causes some 
of the valence electrons to migrate to the conduction band. The positive vacancies 
which the electrons leave behind are called holes. Such pure semiconductor is referred 
to as ‘intrinsic semiconductor’. Practically, a completely pure material cannot be 
obtained and there are always some impurities present which will alter the material 
conductivity. For example, a germanium atom has four electrons in the valence band, 
and it is surrounded by four other atoms in the crystal lattice which contribute with 
their valence electrons to establish the atomic bonds. Figure 2.14. If a Ge atom is 
replaced by a three valent impurity atom, like indium, gallium or boron, then the 
electronic bonds will have one electron missing, or a positive hole. Such impurities 
are called acceptor impurities, and the germanium semiconductor is called p-type 
germanium. On the other hand, if the Ge atom is replaced by a five valent impurity 
atom, like arsenic or phosphorus, an electron will be in excess of the bonding 
electrons. This type of impurity is referred to as donor impurity, and the 
semiconductor is called n-type germanium. The addition of impurity atoms to a 
semiconductor is called doping.
electron-pair 
covalent bonds
|i |i |i |i |i
11 11 11 Indium1 1 1 Impurity
0  ^  0  ^ 0 atom ^_/
©0  ^  0  ^ 0 -4 © —
(Ge)
hole caused  by 
electron taken by 
acceptor atom
Figure 2. 14: Lattice structure of a p-type Ge crystal with an indium impurity
When a gamma photon interacts within the Ge crystal, it produces primary 
electrons with high energy. The primary electrons will excite electrons from the 
valence band to the conduction band, leading to a cascade of eleetron-hole pairs for 
each primary electron. On the application of an external electric bias, the eleetron-
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hole pairs produced will migrate to their respective electrodes raising a current in the 
detector circuit.
Semiconductor detectors are formed by joining a p-type and n-type material 
crystals, Figure 2.15. When the two materials come into contact some of the free 
electrons and holes near the p-n junction will combine and a small neutrally charged 
area will be formed called the depletion region. On the application of a reverse bias to 
the p-n junction, more electrons and holes will be attracted to the anode and the 
cathode, respectively, causing the depletion region to widen. The higher the voltage, 
the wider the depletion region will become. This region is the effective part of the 
semiconductor detector. When a photon interacts within the region, some eleetron- 
hole pairs are created and, due to the high reverse voltage, they will be drawn to the 
electrodes causing electric pulses to flow. These pulses are processed in electronic 
circuits to produce voltage pulses with amplitudes representative of the photon 
energies.
p-type n-type
(a)
(b)
+ + > : -  -
— + j 1 +
+ + Î1 4
+ + i i
Depletion
region
Figure 2.15: (a) p-n junction, (b) depletion region widening due to the application of reverse bias
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2.7 HPGe Detectors and Gamma Spectroscopy
Germanium semiconductor material of high purity can be manufactured in 
large size crystals, which are suitable for the spectrometry of high energy gamma 
photons. Detectors using such material are referred to as ‘Hyper Pure Germanium’ 
(HPGe) detectors. Figure 2.16 shows the contact configuration of such detectors. 
HPGe detectors are operated at liquid nitrogen temperature of -196°C to reduce the 
thermally induced leakage currents. Such detectors have very good energy resolution 
compared to other gamma detectors such as Nal or Si detectors, allowing for the 
differentiation between close gamma lines. Germanium has a relatively high atomic 
number, compared to silicon, which require smaller crystal volume to completely 
attenuate gamma photons and deposit their energy within the detector crystal.
P -type 
contact layer
+
p-type Ge 
crystal
n^-type
contact layer
Figure 2.16: Construction of Ge detector
Gamma spectroscopy using HPGe detectors is very widely used to obtain good 
estimation of natural and artificial radionuclide concentrations, or activities, in any 
sample. To evaluate the activity of a gamma emitter, the detector’s absolute efficiency 
must be determined accurately. This is defined as the ratio of the number of photons 
emitted by the source to the number of photons recorded by the detector [13]. The 
efficiency depends on many factors, including photon energy, detector characteristics 
and measured sample geometry. The estimation of the detector efficiency requires the 
use of calibration standard sources of the same composition, density, geometry and 
radionuclide content as the measured samples [25]. However, the expected differences 
in chemical composition do not really affect the measurements of environmental 
samples, since the mass attenuation coefficients for photon energies greater than 80 
keV in natural materials are not so very different [26].
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Chapter III. Monte Carlo Technique and MCNP
3.1 The Monte Carlo Technique
The Monte Carlo technique is a numerical method that is used to find solutions to 
problems by the simulation of random processes [27]. The use of Monte Carlo 
technique in real scientific research can be traced back to about the year 1944. At that 
time, scientists working to develop the nuclear bomb used the technique to simulate 
the random neutron diffusion in fissile materials. The method, which is used to solve 
problems based on random scenarios, was named after the famous gambling centre of 
Monte Carlo. However, more detailed studies of the techniques followed in the 
1950’s, leading to its application in many fields [28]. Its use has now been extended to 
cover the diffusion and the interaction of all radiation types in any medium.
The Monte Carlo technique depends on tracking the probabilistic interactions 
in a medium of each photon emitted from a source, as defined in the problem. A 
history of all interactions is generated for each photon in the medium, from creation to 
its absorption, using randomly sampled probability distributions. The recorded photon 
history continues until the photon energy reaches a very low cut-off value, or the 
particle has escaped from the system boundaries. Some characteristics of each 
particle's average behaviour are recorded, producing an average behaviour of the 
particles in the system. These are referred to as "tallies" [29].
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3.2 Monte Carlo N- Particle extended Code (MCNPX)
MCNPX (usually referred to as MCNP) is a 3-D Monte Carlo radiation 
transport simulation eode developed at the Los Alamos National Laboratory, 
simulating the transport of almost all types of nuclear radiation in any medium. It is 
capable of simulating photons with energies from 1 keV to 100 GeV, 34 types of 
nuclear particles including neutrons, electrons, light ions, and more than 2 0 0 0  heavy 
ions, a wide range of energies. The eode is written in FORTRAN 90, and it uses the 
nuclear data available in the standard libraries within the eode, or physics models if 
the data are not present in the libraries [30, 31]. The eode is also used in different 
areas of medical physics and nuclear and reactor physics.
An MCNP problem is represented geometrically by cells and surfaces; Figure 
3.1. A detector, source and material system is composed of cells which are bound by 
surfaces. A cell, which represents one component of the detector or the material, is 
defined by surfaces that intersect or unite to form the cell boundaries [31].
A lum inium
enclosureGe crystalAir
V aeuum B rass bin
Figure 3. 1: HPGe detector model
The problem is presented in an input file which contains the system geometry, 
materials description, source position and characteristics, and the required output [32].
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The input file structure is shown in Figure 3.2. The file consists of four distinct 
sections, and each section has one or several command lines called cards, as follows:
Message Block
B lank line delim iter 
Problem Title Card. One line 
Cell Cards
Blank line delim iter  
Surface Cards
Blank line delim iter  
Data Cards
Blank line term inator (optional)
Figure 3 .2 : MCNP input file structure
1. Message Block: this is an optional entry to give MCNP an execution 
command to replace or as an addition to a command line. If the message 
block is used, it should be followed by a blank delimiter line.
2. Problem Title Card: this is the first line of the file following the message 
block. It contains a title for the input file that usually describes the problem 
and it can only be one line.
3. Cell Cards: a cell card describes the geometry of one cell. The description 
includes; cell number, material number, material density, cell surfaces 
geometry, and optionally, cell parameters which indicate the cell 
importance for the incident particle type. Each cell of the system has to be 
entered in a new card. A blank line indicates the end of cell card entries. 
Example: description of the outer aluminium case of a HPGe detector which 
is composed of three cells:
1 1 -2.7 -12-4  6 imp:p 1 $ Outer A1 can cylinder
2 1 -2.7-3 4-1 imp:p 1 $ Outer A1 can top
3 1 -2.7 5 - 6  8-1 imp:p 1 $ Outer A1 can bottom
4. Surface Cards: here, each card contains information about one surface that 
comprises one boundary of a cell. This information includes; surface 
number, surface type, and the values of the coefficients of the surface 
equation. Each surface has one card, and a blank line is entered at the end of
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surface cards. Many surface types are recognized by MCNPX, including, 
planes, cylinders, cones, and the torus.
5. Data Cards: there are different categories of cards in this group; material 
cards, source cards, tally cards, and simulation cards. These categories are 
not separated by blank lines. Material cards list the nuclide numbers and 
masses, and nuclide fractions for each material number mentioned in the 
cell cards. Source cards specify the source position and the values of 
emitted energies and their relative intensities. The tally cards control the 
output of the MCNP simulation. Particle current, particle flux, energy 
deposition, or energy distribution in a detector can be obtained. The 
simulation process is controlled by the number of particles interacting, the 
number of histories, or run for a specified time.
The results of the simulation are presented in an output file that is divided into 
several sections, called tables. Each section displays a specific set of results or a 
statistical test to evaluate the validity of the results. For efficiency estimation, the 
pulse height tally F8  is used which provides the energy distribution of pulses 
generated in the detector by the interaction of photons, electrons or both. This tally 
actually records the energy deposited in each cell of interest by the interacting particle 
and its secondary particles. The form of this tally is:
Y8:pl SI . . . S n
where
pi  is the particle type, and it can be P for photons, E for electrons or P,E for
both.
Si is the cell number(s) for tallying.
An example is:
F8:P(11 20 21 25)
which indicates that the pulse height for photons will be recorded in cells 1 1 , 2 0 , 2 1 , 
and 25. The tally output lists the energy bin, the tally value, and the relative error.
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3.3 Gamma Spectrometry and Monte Carlo Simulation
The Monte Carlo technique is used in gamma spectroscopy to simulate all 
possible interactions that gamma photons may undergo from their emission from the 
source, to total attenuation in the detector and other surrounding materials, in order to 
obtain an efficiency estimate for the simulated detector-sample geometry. A good deal 
of published research has used the technique for efficiency evaluation using point 
sources [33, 34, 35] as well as for uniform-composition and uniform-geometry 
samples contained in Marinelli beakers [25, 26, 36], and to investigate the effects of 
changing the detector parameters on estimated efficiency [37]. The technique has 
been proved to be a useful tool to correct for self-absorption [38, 39, 40], coincidence 
summing [41, 42, 43 ,44] and sample height variations [45, 46].
Other uses of Monte Carlo evaluated efficiencies are; to adjust the physical 
detector parameters, such as dead layer thickness, in order to obtain better agreement 
with experimental values [47, 48, 49], and to investigate how the dead layer change 
can alter the detector efficiency [50, 51]. An interesting application in this matter is 
the simulation of non-uniform dead layers throughout the crystal surfaces [52]. It is 
also a valuable tool for characterization of non-standard counting geometries or in the 
absence of radiation sources with specific photon energies [53]. Monte Carlo 
technique has been used to assess the sensitivity of HPGe detector to variations in 
detector dead layer, detector angular positioning, and the effect of removing the Ge 
crystal aluminium holder cup [54].
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Chapter IV. NORM in the oil industry
4.1 A Brief History of NORM in the Oil Industry
According to Kolb and Wojcik [55], the first observations of NORM in the oil 
industry can be traced back to the year 1904 in Canada, v^here Himstedt and Burton 
detected radon gas in petroleum. However, the first reports recording the presence of 
radon in natural gas in Germany, Austria, Hungary and Romania, published in the 
year 1913 by Czako [55]. It was not until 1930 for oil and gas production, that NORM 
presence was documented in Russia, and later in many other countries [55, 56]. In the 
early 1970's, the first estimates of the external doses from oil and gas production 
NORM was reported by Gesell. He estimated external dose rates of up to 80 pSv/h 
resulting from the deposits of radon and its progenies on the interior surfaces of gas 
processing equipments [55 and references therein]. The year 1981 witnessed the 
detection of NORM in offshore oil fields in the North Sea, and in 1986 NORM was 
identified in oil well pipes in Mississippi [57]. Since then, NORM has become a well- 
established potential health and safety issue in the oil and gas industry in many 
countries, and many comprehensive studies investigating NORM presence and its 
radiological impacts have been published. As a result of the growing awareness of the 
serious health, safety and environmental threats, regulatory bodies and oil companies 
in many countries have started working on establishing new regulations and 
management guidelines for the handling and transportation, and disposal methods of 
oil NORM [55, 56].
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4.2 Origins of NORM Scale in the Oil Industry
Oil reservoirs are mostly found within sedimentary rocks that contain oil 
and/or gas, and usually large amounts of accompanying saline ‘formation water’ 
within their pores [58, 59, 60].
Scale can be found on the interior surfaces of different oil production and 
processing equipment, such as downhole piping, Christmas trees, valves, oil and gas 
transport pipelines, pumps, separation tanks, storage tanks ...etc. It usually occurs in 
the form of silicates, sulphates, and/or carbonates. Barium sulphate (BaS0 4 ), 
strontium sulphate (SrS0 4 ), barium carbonate (BaCOg), and calcium carbonate 
(CaCOs) are common forms of scale [17, 61].
The formation of scale requires that proper amounts of Group II elements (Ca, 
Sr and Ba) be dissolved in the formation fluids. As these fluids move towards the 
surface, pressure and temperature change gradually lead to the precipitation of 
sulphate and carbonate products on the surfaces they come in contact with in the form 
of hard scale. Other factors that may induce scale deposition include, fluids turbulent 
flow, centripetal forces as a result of fluids flow in curved parts of tubing and joints, 
nucléation centres on surfaces, and particles of sand or clay. Likewise, the injection of 
incompatible water (like sea water or water rich in sulphates) into oil wells, or the 
mixing of produced fluids from different wells can greatly enhance scale formation 
[55].
NORM radionuclides, and ^^^Th and their progenies, are present in the oil 
reservoir rock formations that hold oil and natural gas along with reservoir water. 
and^^^Th are insoluble in the reservoir fluids and they remain attached to subsurface 
rocks, while their progenies Ra and Ra are soluble in water and they can be 
mobilized from the formation rocks, dissolved in the formation water, and then 
carried up to the surface with oil and other fluids. Radium isotopes are usually present 
in larger ratios in shale and in rocks that contain shale. The dissolution of radium in 
reservoir water depends on the amount of shale present and its nature, the 
concentration of NORM elements, and the pressure and temperature conditions.
As oil and accompanying fluids, which contain NORM radionuclides, flow 
through the production and processing facilities, the changes in temperature and 
pressure will promote radium to coprecipitate with barium, strontium and calcium, the
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elements from the same group of the periodic table, making the scale radioactive [18, 
30, 62, 63]. The solubility of radium in water means that NORM deposits are present 
and are further enhanced in older producing wells in which the produced water 
becomes more saline, or iii which water is injected to enhance oil production as a 
result of the artificial lift provided [64].
In addition to radium, radon-222 (ti\2=3 . 8  d), a gaseous decay product of ^ ^^Ra, 
accompanies produced fluids and natural gas along its production stream. It decays 
rapidly through short lived daughters to ^^ ®Pb (ti\2 = 2 2  y) which usually precipitates as 
a very thin layer of about 0 . 0 1  cm average thickness of hard scale on production 
pipelines and equipment [64].
The concentrations of NORM materials in the scales from the oil industry vary 
from levels below detection limits, to considerably higher levels of thousands of 
Becquerel per gram [64, 65]. Concentrations of ^^^Ra levels of up to 3700 and 2195 
Bq/g in scales from the USA and Brazil, respectively, have been reported. However, 
radium concentrations as high as 15,000 Bq/g has been recorded in Michigan in the 
USA [64]. It is apparent from the above, that large amounts of oil NORM scale are 
being produced each year all over the world. It has been predicted that between 3x10^ 
and 1x10^ tons are produced annually in the United States alone [6 6 ].
Scale accumulation in pipes and other equipment can greatly reduce the oil 
flow, or even completely block some production lines. If so, scale removal and clean 
up must be carried out to retain the full production capacity, or sometimes the 
severely" affected pipelines may need to be replaced. The removal of the solid scale 
is usually carried out by mechanical means, which requires halting the production 
from the affected lines, and may cause damage and loss of pipelines and equipment. 
Furthermore, the treatment of the radioactive scale iriaterial requires costly special 
arrangements for the clean up, storage and disposal [6 6 ], estimated to add up to US$ 6  
billion per year in the United States alone [67]. Figure 4.1 shows an abandoned oil 
pipe line with heavy scale, and Fig. 4.2 shows examples of pipe scale that leads to the 
abandonment of whole pipelines.
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mFigure 4 .1 : An abandoned pipeline due to heavy scale formation
W
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Figure 4. 2: Examples of thick scale formation inside oil pipes
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4.3 NORM Hazards
NORM material generated by the oil and gas industry can affect the health and 
safety of both workers in oil fields and members of the public, in addition to 
contaminating the environment. The health of workers can be affected in two ways 
[17, 18, 56, 6 8 ]:
1) External exposure: The precipitation of NORM nuclides in the production 
equipment can produce elevated gamma dose rates outside of affected 
equipment, which can add to the workers’ received doses. High energy 
photons emitted from some radium progenies, like ^^^ Tl and can also 
penetrate the equipments walls and contribute to the external dose rates [63]; 
Figure 4.3.
2) Internal exposure: Radioactive dust which is generated during maintenance 
operation or pipe transport may enter the body by ingestion or inhalation; see 
Figure 4.4. Radium is known as a “bone seeker” because it tends to 
accumulate in bones if ingested (Ca and Ra both being group IIA elements). 
About 80-85% of ingested radium precipitates to bones where it decays to its 
radioactive daughters. Their alpha, beta and gamma emissions cause damage 
to the bone area where they reside, possibly leading to bone cancer. Inhaled 
NORM particulates tend to accumulate in the lungs where they decay and may 
cause damage to nasal passages and the lungs, and may enhance the 
probability of cancer.
m-'-
Figure 4. 3 (a, b): Oil field workers can be externally exposed to gamma radiation 
from pipes and equipment containing radioactive scale
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Figure 4. 4 (a, b): Oil field workers can also inhale or ingest flying radioactive 
dust during well maintenance operations
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Chapter V. Field Study and Experimental methods
5.1 Oil Fields Survey
The field trip, carried out September and October 2008, covered eight oil 
fields operated by three oil companies (denoted as AS, El and WA). The field 
locations are shown in Figure 5.1. None of these companies has in place a formal 
NORM management plan, or any records or knowledge of any previous radiological 
surveys. At all fields visited, radiation surveys of pipes and pieces of equipment with 
scale were conducted to determine NORM sampling points. For this purpose, use was 
made of a portable contamination meter (Tema Sinergie Model CPS51), Figure 5.2. 
The meter was equipped with a model 7311 GM Pancake detector for alpha, beta and 
gamma measurements, (Appendix I), to read the count rate either in counts per 
second, or counts per 20 seconds for increased accuracy. To make a survey, the GM 
detector was placed about 1 0  cm inside the surveyed pipe or piece of equipment and 
held about 1 - 2 cm from the exposed surfaces This exposed the detector to the 
potentially elevated flux of gamma-rays and beta particles from accreted radioactive 
scales, yielding elevated counts and exposure rates.
Potential scale sampling points were determined from measurements of count 
rates greater than three times that of background. The fields investigated and the 
samples collected are presented in Table 5.1.
The 19 radioactive scale samples collected from an oil field operated by 
company (El) were obtained from a field located in north eastern Libya where 
production started in 1972. In 1974 water injection was started in Order to provide 
artificial lift [69]. Eight samples were collected from two oil fields belonging to 
company (WA), the fields are also located in north eastern Libya, with production 
starting in 1960 [70]. No radioactive scale samples were detected in two fields 
operated by company (AS), whose fields are located in south western Libya.
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Production at these fields started in 1996 and as yet no artificial lift is required. As 
discussed earlier, it is known that artificial lift by water injection leads to enhanced 
NORM in scale.
Table 5. 1: Oil companies and samples collected
Company No of fields Date of first No of
symbol surveyed production samples
AS 2 1996 0
El 1 1972 19
WA 5 1960 8
Total 8 ---- 27
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Figure 5 .1: Map of Libya showing the surveyed oil field locations
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Figure 5. 2: Tema Sinergie Model CPS51 contamination meter used in field surveys
Locations surveyed included working and disposed wellheads, Christmas 
trees, pipelines, downhole piping, pipe hangers, valves, storage tanks, separation 
tanks, and separation plant equipments, all of which are generally known to be 
involved in NORM accretion or accumulation.
5.2 Sampling Equipment and Procedure
As most pipe deposits were observed to be very hard and solid, a lump 
hammer and a flat chisel were used to remove the scale from the pipes; a shovel and a 
brush were then used to collect the removed scale which was then subsequently 
placed in individual sampling bags. Figure 5.3. To comply with the field working 
safety procedures, a dust mask, disposable gloves, work suit, helmet, and heavy boots 
were used as personal protection equipment (PPL).
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Figure 5. 3: Equipment used to collect scale samples
In detail, prior to obtaining samples, the sampling points were first carefully 
cleaned of any sand or dust using the brush, and a plastic sheet was then used to cover 
the sampling point to prevent release of any dust to the air. The removed sand was 
collected in a plastic bag, and returned later to the location so as to not spread any 
potential contaminated material. A plastic sheet was used to cover the soil under the 
work area, and another sheet to cover the sampling point. The chisel and hammer 
were used to remove the scale which was then collected using the shovel and placed 
in two successive plastic bags and each was tied at the top to safeguard against 
spillage. Then each bagged sample was taken away from the collection site and placed 
in a third bag and tied at the top to ensure secure containment.
Due to the nature of the scales sampled, the obtained sample weights ranged 
widely from about 6  grams to about 2.5 kilograms. In some cases, the scale was very 
hard and required a lot of effort and prolonged working to allow its removal, while 
other scales were soft and brittle, such that large amounts could easily be removed 
from the pipes.
The dose rates were also measured in the laboratory using a gamma dose-rate 
meter Type G99E, giving dose rates in pSv/h (see section 5.3 below). The 
measurements were taken at the surfaces of the sample bags to determine the 
shielding required for sample storage.
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5.3. Survey Results
Locations where gamma dose rates were greater than three times that of background 
were detected in six out of the eight oil fields surveyed, with no such elevations of 
dose being recorded in the other two oil fields. The dose rate unit is the Sievert per 
hour (Sv/h) which represents the ionising radiation energy absorbed per unit mass (in 
Joule/kg) per hour [9, 17]. Recorded dose rates (and count rates) at sampling points 
varied between 0.1 pSv/h (9c/20s) and 63.0 pSv/h (6918c/20s), with a geometric 
mean of 4.8 pSv/h (545c/20s). Eleven of the sampling locations (23% of the 
locations) recorded dose rates higher than TO pSv/h, which if given full-occupancy 
would lead to an annual dose for a 40 h week of ~21 mSv, well in excess of dose 
limits for a radiation worker. Nine locations recorded dose rates between 1 and 10 
|xSv/h (35% of sampling points), and six positions recorded less than 1 pSv/h (42% of 
the locations).
Measured dose rates at sample surfaces ranged from 0.1 to 27.3 pSv/h, with a 
geometric mean of 0.5 pSv/h. Only three samples (11% of the samples) recorded 
particularly high dose rates (taken here to mean more than 10 pSv/h) while six 
samples (22% of the total) recorded dose rates from 1 to 10 pSv/h; eighteen samples 
(67% of the total) recorded dose rates less than 1 pSv/h. Table 5.2 lists the samples 
and their properties.
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Table 5.2: Recorded dose rates at the collection locations and the laboratory
a) Company (El) oil wells:
Sample Count Rate Dose
No. Sample ID gross (at site) (pSv/h) Sample Location
Weight (g) (c/20s) Site* Lab**
Background 28 -— ■ 1 cm above sand near the rig
1
EIA5401
2500 188 1.8 0.2 Oil well A54
2
EIA5402
2500 244 1.9 0.1 Oil well A54
3
EIA5403
2500 643 5.3 0.1 Oil well A54
4 ElSPOl 1522.5 593 5.2 0.5 Inlet pipe to GOSP separator
5
EIHDOl
66.0 1258 13.0 0.9 Rejected pipe head end
6
EIHD02
186.4 914 7.0 0.1 Rejected pipe head end
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Table 5.2 (cntd.)
b) Company (El) oil field restricted yard:
Sample Count Rate Dose
No. Sample ID gross (at site) (pSv/h) Sample Location
Weight (g) (c/20s) Site* Lab**
Background 30 . -- -- 1 cm fi*om ground
7 EIA3201 114.6 5005 45.0 5.1 Anchor -  12000 ft downhole
8 EIA6401 :%&9 4099 37.0 15.5 Anchor -  12000 ft downhole
9 EIA1501 397.7 6000 55.0 27.3 Anchor -  5 ft downhole
10 EIA8001 76.2 945 7.3 0.1
Pipe valve
11 EIA8003 100.6 4900 43.0 3.2
unknown
12 EIA8004 43.0 552 5.0 . 0.2
4" pipe
13 EIA8005 33.0 6259 58.0 0.4
4" pipe
14 EIA8006 44.8 6918 63.0 0.1 Anchor -  13000 ft downhole
15 EIA2201 454.7 243 5.4 0.1
Raiser end pipe -  during 
inspection
16 EILCMOl 815.9 2497 22.0 16.5
6" pipe to GOSP
17
EILCM02
322.4 4114 37.0 2.5 8" pipe elbow
18
EILCM03
1170.1 961 7.5 0.4 12" Water pipe
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Table 5.2 (cntd.)
c) Company (WA) fields oil wells:
Sample Count Rate Dose
No. Sample ID gross (at site) (pSv/h) Sample Location
weight (g) (c/20s) Site* lab*
Background -- 8 -- ---
1 cm from ground
19 WASCO 1 140.3 3981 37.0 7.0 Rejected pipe in scrap yard
20
WAF2202
(WASC02)
453.5 3981 37.0 1.9
Pipe cross-section from rejected 
pipe in scrap yard
21
SAF2201
726.7 10 0.07 0.1 6" flow line 12m from well head
22
SAF2202
302.4 20 0.18 0.1 6" flow line 90m from well head
23 SAF2203 798.3 39 0.3 0.1
Wellhead raiser opening
24 SAF2204 543.7 9 0.07 0.1
4" line between wellhead and 
wellhead raiser
25 WAB4001 1270.6 24 0.2 0.1
Wellhead raiser opening
26 WAF22k 723.9 8 0.06 0.1
Non radioactive pipe cross- 
section with thick scale
* Dose rate from structure from where sample was obtained.
** Restricting for the single sample dose rate within the lab.
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5.4 Gamma Spectroscopy Using DETECTIVE HPGe Detector
In order to give an approximate estimation of the sample activities and their 
radionuclides content, as requested by the University of Surrey RPA on initial receipt 
of the samples, a portable ‘ORTEC Detective™’ HPGe deteetor system was used to 
colleet the samples spectra. Figure 5.4. A Monte Carlo model of the detection system 
was built and run using MCNFX. The detection system is based on an electrically 
cooled HPGe detector with a cylindrical crystal of 50mm diameter and 30 mm height. 
The detector has a relative efficiency of 30% (relative to the efficiency of a 3"x3" 
Nal(Tl) detector measured for a ^^Co source placed 25 cm in front of the detector 
face). This system is suitable for the identification of gamma emitting radionuclides in 
the lab and in situ. The detection system was hooked to a laptop, which uses 
MAESTRO™ spectrometry software to collect the samples gamma spectra.
Figure 5. 4: ORTEC DETECTIVE™ HPGe detector system
The detection system was energy calibrated using ^^^Eu and "^^ ^Am point 
sources giving gamma emission lines that cover a wide energy range of interest. Table 
5.3 shows the calibration energies, while Figure 5.5 shows the energy calibration 
curve.
Twelve Samples that produced the highest dose rates were eounted to give a 
representation of the higher limit of sample activities and to allow eounting for short 
periods of time. Each sample was held in eontact with end cap of the detector and 
central to the detector face using a lab support in its original plastic packaging (the
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plastic packaging container being required by the RPA to remain in place at all times, 
to avoid radioactive dust generation). Each sample was counted for 600 seconds. Due 
to the elevated sample activity, one sample was placed at 1 0  cm from the face of the 
detector to reduce the counting dead time. A background count was taken for 3600 
seconds.
Table 5. 3: Calibration sources gamma energies [71]
Source Energy (keV)
Peak intensity 
(!,)%
Uncertainty
Am-241 59.54 36.30, 35.78 ±0.0009
121.78 29.24, 28.41 ±0.0013
344.28 26.58 ±0.0012
Eu-152 778.90 12.96 ±0.0006
964.00 14.62 ±0.0006
1112.07 13.40 ±0.0006
1408.01 21.21, 20.85 ±0.0009
1600
1200
I
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0)clU
400
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Channel No.
Figure 5. 5: Detective system energy calibration curve
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5.5 Detector-Sample MCNP Model
MCNPX code was used to model the geometry and material composition of 
the detector and the scale sample, Figures 5.6 -  5.8. The detector model was built 
based on the measurements and specifications obtained from the manufacturer’s 
manuals, taking into account the crystal dimensions and material, in addition to all 
construction materials composing the complete detector. To account for the 
uncertainty in the detector dead layer thickness, three values of the Ge crystal dead 
layer thickness were assumed; no dead layer, 600 pm and 700 pm [72]. The detector 
efficiencies for each of these values were estimated and compared to the physical 
point source efficiency measurement.
In the absence of any a priori information, the scale samples were assumed to 
be composed of equal proportions of barium sulphate, calcium carbonate and iron 
sulphide, and in order to estimate the gamma-ray attenuation for these materials, each 
material was modelled separately. Sample geometries were represented as solid slabs 
of 5 cm high by 5 cm wide and of different thicknesses. Table 5.6.
The MCNP input file describes the system as composed of cells of different 
materials bound by surfaces which define the cell shapes and sizes. Figure 5.6 depicts 
a segment of an input file. Figures 5.7 and 5.8 show an example of the simulation 
output, where the scale sample is represented by cell number 2 0 0  which is composed 
of material number 9 having a density of 2.71 (-ve sign indicates that the density is in 
g.cm'^). The cell is bound by the surfaces 1 and 155 to 159 where the signs indicate to 
which side the cell lays with respect to each surface. The surface cards indicate that 
the surfaces are planes normal to x, y or z planes. The material card m9 shows that the 
scale material is composed of calcium (2 0 0 0 0 : atomic number 2 0  and the average 
mass number is assigned 000 to allow MCNP to use the nuclide average mass number 
from its library) with atomic fraction (-ve sign) 0 .2 , carbon (6 , 0 0 0 ) with atomic 
fraction 0.2, and oxygen (8 , 000) with atomic fraction 0.6. A complete listing of the 
MCNP code is shown in Appendix 11.
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c  CELL COMMANDS 
C Block of oil scale 
C
200 9 -2.71 +1 -155 +156 -157 +158 -159 imp :p 1 $ oil scale material 
C SURFACE COMMANDS
C Oil scale material used to attenuate source 
C
155 px +1
156 py -5
157 py +5
158 pz -5
159 pz +5
C DATA COMMANDS
C ,
C ' , M ATERIAL COMMANDS 
m9 20000 -0.2 
6000 -0.2 
8000 -0.6
$ calcium 
$ carbon 
$ oxygen
Figure 5. 6: Example of the commands defining the scale sample geometry
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Figure 5. 7: MCNP model showing surfaces and cells numbering
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Figure 5. 8: MCNP model geometry of the detector and sample model
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5.6. MCNPX Calculations
To ensure the aecuracy of the model, the two point sources, and ‘^ ^Eu,
were measured at different distances across the front face of the detector. The same 
measurements at different source positions were repeated using the MCNPX model, 
then the physical and the simulated efficiency results were compared and used to 
improve the model, until a good agreement between the physical and simulated 
effieiencies was obtained. The deteetor model has then been used to evaluate the scale 
sample activities. Figures 5 .9 -5 .1 1  show a comparison between physical and point 
source data when dead layer and sample thicknesses are varied for different gamma- 
ray energies.
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source at detector front face
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Figure 5.10: MCNPX results of the variation of detector efficiency with sample 
thickness for different photon energies
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Figure 5. 11: MCNPX results for the variation of detector efficiency 
with energy for different material thicknesses
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5.7 Activity Calculations
The sample activities were calculated for two extreme cases: firstly with the 
point source located on the sample side facing the detector, and secondly the point 
source was placed at the sample side distal from the detector. The sample thicknesses 
varied depending on the amounts of material that were measured. For small samples, 
this was as little as a few grams of material in a plastic bag. For the largest sample, 
this was scale that was packed into a cylindrical geometry.
The assumption of the whole sample activity entirely residing as a point 
source on the back of the sample provides for the greatest self-attenuation occurring, 
commensurate with largest estimate of sample activity. Conversely, a point source on 
the side closest to the detector would be the least attenuated, giving the smallest 
estimated sample activity. This initial exercise was used to give a rapid assessment of 
the lower and upper bound of activities for the samples as part of the safety 
assessment for planning further work with the samples.
To estimate the total specific activities from the spectrometry measurement of the 
scale samples, ORTEC “Gamma Vision” software was used. The number of counts in 
each peak has been determined from the spectral data using a peak search algorithm. 
The analysis of the sample activity was determined using an Excel spreadsheet. Each 
nuclide activity is calculated based on the equation:
. . . . .  5.1
where, Aeî is the activity of nuclide i at energy E, Nei is the net counts in the full 
energy E  peak, se is the detector efficiency at the peak energy E  determined by Monte 
Carlo simulation, yd is the emission probability for gamma photon of energy E, and t 
is the counting live-time. The nuclide i activity is then calculated by averaging the 
activities determined from measurements at each peak energy, and the sample total 
activity is then calculated as the sum of individual nuclides decay-corrected activities.
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5.8 Results and Analysis
The simulated germanium crystal dead layer of 700 |im was selected, since 
this value gave the closest efficiency values to the experimental efficiencies obtained 
using the point sources. Figure 5.9. In regard to the material composition of the scale, 
the simulation results showed no difference in the attenuation of the three materials, 
and this permits treatment of the scale as composed of one material, barium sulphate 
being a common assumption for such a scale.
Figures 5.12 and 5.13 show examples of the collected gamma spectra for 
samples EIA6401and EILCMOl (other spectra are shown in Appendix III). These 
samples were obtained fi*om pipes working at different oil wells. The spectra 
demonstrate the presence of natural daughter radionuclides ^^^Ra, ^^ "^ Pb and ^^%i, 
and natural ^^^Th daughter radionuclides Ac, ^^ "^ Ra, ^^^Pb,^^^Bi and ^^^Tl. A listing 
of the observed gamma lines in the spectra is shown in Appendix IV. From the 
gamma lines intensities, it can be noted that the two samples have different 
concentrations of and ^^^Th progenies. Generally, sample EIA6401 has higher 
peak intensities for progenies, while sample EILCMOl has higher peak 
intensities for ^^^Th progenies. Tables 5.4 and 5.5 show examples of the activities of 
some individual radionuclides in the two samples.
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Figure 5.12: Gamma spectrum for sample EIA6401
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Table 5. 4: Activities for some of the individual radionuclides in sample EILCMOl
series series
(activity in Bq/g) (activity in Bq/g)
226j^ a  214p |^ ^»Ac
Activity if  assumed to be at 
detector face (Bq/g)
12±7 20±9 7+5
Activity if  assumed to be at
maximum sample thickness 105+20 74+17 61+15
(Bq/g)
Table 5. 5: Activities for some of the individual radionuclides in sample EIA6401
series ^^ T^h series
(activity in Bq/g) (activity in Bq/g)
226Ra 214p^ ^«Ac
Activity if  assumed to be at 
detector face (Bq/g)
68+16 100+20 1+2
Activity if  assumed to be at
maximum sample thickness 360+37 523+45 2+3
(Bq/g)
The total specific activities of the measured samples are shown in Table 5.6. 
The fifth column, denoted by Ai, gives the lowest possible sample activities, where all 
the activity is concentrated in a point close to the detector face. The sixth column, 
denoted by A2 , lists the highest sample activities when the source is assumed to be 
located at the other side of the sample, distal from the detector. Sample thicknesses 
are shown in column 4 of the table. A summary of the sample activities is included 
here to illustrate the difference in total activity by an assessment using a point source.
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Table 5. 6: Highest and lowest sample specific activities
No Sample ID
Sample 
weight (kg)
Sample
thickness
(cm)
Activity if  
assumed to be at 
detector face 
(B q/g):A i
Activity if  assumed 
to be at maximum 
sample thickness 
(Bq/g) : A 2
A 2/A 1
1 EIA1501 0.371 8.0 717+53 9086+187 12.67
2 EIA3201 0.088 3.0 439+41 1636+79 3.73
3 EIA6401 0.203 4.0 1025+63 5184+141 5.06
4 EIA8000 0.015 2.0 306+34 770+54 2.52
5 EIA8003 0.074 3.0 472+43 1764+82 3.74
6 E1A8005 0.006 1.0 401+39 693+52 1.73
7 EIHDOl 0.039 1.0 5533+146 9563+192 1.73
8 EILCMOl 0.789 6.0 300+34 2517+98 8.39
9 EILCM02 0.295 5.0 83+18 539+46 6.49
10 EILCM03 1.143 13.0 7+5 187+26 26.71
11 ElSPOl 1.496 15.0 5+4 179+26 35.80
12 WASCO 1 0.113 4.0 363+37 1906+86 5.25
The differences between the activities of the samples in columns five and six 
depend on many factors, including, sample mass, thickness, composition and density. 
Generally, the actual sample activities will be found to be somewhere between the 
two values in columns 5 and 6 , depending on the sample air/scale matrix, sample 
geometries and scale material properties. This estimation of activities was used in the 
initial radiological protection safety evaluation of the samples.
The last column of the table displays the ratios between the activity at the 
maximum sample thickness and that at the detector face, A2/A1. A plot of A2/A 1 
against the sample thicknesses is shown in Figure 5.14. An approximately exponential 
relation can be seen from the plot. This behaviour is expected as a result of the 
exponential nature of gamma attenuation in matter. As thickness increases, more 
gamma photons are attenuated in the material when the source is assumed to be at the 
sample maximum thickness, and the result is thus a large A2/A1 ratio. On the contrary.
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a smaller A2/A1 ratio is obtained if the thickness is small, as a result of reduced 
attenuation of the photons.
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Figure 5.14: Variation of activity ratio A2/A1 with sample thickness
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Chapter VI. Scale Samples Characterization
6.1. Gamma Spectroscopy
6.1.1 Detection System Characterization
Gamma spectroscopy was used to identify sample radionuclide content and
activity. The spectrometer consisted of a 20% relative efficiency Princeton Gamma 
Tech, PGT (model PGC 20), high resolution coaxial HPGe detector operated at +3 kV 
bias voltage. The detector outer diameter was 7.7 cm, and the Ge crystal dimensions 
were; 5.0 cm diameter, 3.4 cm height, and 66.7 cm^ volume. To minimize the cosmic 
ray and background radiation contribution to the sample spectra, the detector was 
hosted inside a cylindrical lead shield of 10 cm wall thickness. The interior wall of the 
lead shield was lined with two consecutive 1 . 0  mm thick sheets of tin and copper to 
reduce the characteristic X-rays resulting from the interaction of gamma photons with 
the lead shield. Fig. 6.1.
Figure 6. 1: HPGe spectrometer and shield lining
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The counting system electronics consisted of a built-in preamplifier connected 
to a Canberra 2022 amplifier, with the output fed to a Canberra Multiport II multi 
channel analyser. The gamma spectra were displayed and analysed using Canberra 
Genie 2000 software running on a Windows XP personal computer.
The detection system must be energy calibrated in order to identify the 
incident photon energy correspondence to the recorded peak channel number. The 
energy calibration was performed using two standard sources: (i) ^^^Eu, and; (ii) a 
NG3 mixed source (contairdng “^"Am, "®Cd, ‘^ ^Ce, '” Cs, “ Co, ^®Hg, '"Sn , *’Sr and 
**Y), each contained in a 550 ml Marinelli beaker with the activity homogeneously 
incorporated in a gel matrix. Fig. 6.2. The source radionuclides and gamma energies 
used for the calibration are shown in Appendix V. Each source was counted for 
86400s (24 h); the sources spectra are displayed in Appendix VII. A calibration curve, 
which is a plot of peak energy versus peak channel number, was constructed as shown 
in Figure 6.3. The curve illustrates a linear relationship between energy and channel 
number which is represented by the linear equation:
Energy (keV)= 2.218 + 0.3778 X Channel number  ..........6.1
The system energy calibration is repeated on a weekly basis to ensure that 
peak positions were maintained throughout the sample measurement process. 
Following system calibration, a background count for 48 hours was collected and later 
subtracted from the sample spectra. Appendix VIII. shows the background spectrum.
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Figure 6. 3: HPGe Spectrometer energy calibration curve
A supplementary efficieney calibration has been carried out using and
^^ ^Eu point sources, which allow a wide range of photon energies of interest to be 
covered. Each source was placed in a plastic sample holder located at a distance of 9 
cm above the detector face to reduce the counting dead time from relatively high 
activity sources. The plastic holder has a gauge to determine the source horizontal 
position relative to the centre of the detector. Counting for each source was carried out 
at this distance for varied horizontal positions across the face of the detector; 0, 2, 4
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and 6  cm. Absolute detection system efficiencies were estimated for the point source 
at each position and efficiency graphs were constructed.
6.1.2 Samples Counting
Following the initial activity estimation (section 5.8), with agreement having
been received from the University radiation safety office, the scale samples were 
allowed to be counted in their original packaging to ensure no alpha bearing dust 
could be released to the lab environment. To prevent escape of radon gas from the 
plastic packages, each sample was placed in a fourth plastic bag, subsequently heat 
sealed, and allowed to equilibrate for at least 30 days before being counted in order to 
achieve secular equilibrium between ^^^Ra and its progenies.
Due to the large variety of sample geometries, ten samples with similar shapes 
were selected to be investigated in this study. Each has essentially the same general 
shape, but different dimensions as listed in table 6.1. Each sample was placed on top 
of the detector face, central to the detector and counted for 86400s (24 hours). Sample 
spectra are shovm in Appendix IX.
Table 6 .1 : Scale sample dimensions
No. Sample ID
Sample
Weight
(kg)
Sample 
Dimensions (cm) 
X y  z
Dose rate 
on surface 
(pSv/h)
1 EILCMOl 0.789 16 6 8 16.5
2 EILCM02 0.295 16 4 8 2.5
3 EIA6401 0.203 14 4 6 15.5
4 EIA3201 0.088 9.5 2.5 5 5.1
5 EIA1501 0.371 11 3.5 3 27.3
6 EIHDOl 0.039 8 3 3.5 0.9
7 WASCO 1 0.113 11 2 3 7.0
8 EIA8003 0.074 8 2 4 3.2
9 EIA8000 0.015 7 1 1.5 1.2
10 EIA8005 0.006 2 0.2 1 0.4
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6.2 Monte Carlo Simulation
6.2.1 HPGe Detector Modelling
The MCNPX code was used to obtain an efficiency estimate for the detector-
sample geometry. The dimensions of the detector, its material construction, and Ge 
crystal size obtained from the available specifications sheet and an X-ray image of the 
detector were used to build the detector model. Fig. 6.4 and 6.5, and Table 6.2. An 
example listing of the input file is shown in Appendix X. Experimental efficiencies 
for "^^ ^Am and ^^^ Eu point sources located (on a plastic holder) 9 cm above the centre 
of the detector were calculated (section 6 .1 .1 ) and used to evaluate the validity of 
model geometry. These efficiencies were compared to those obtained by simulating a 
point source, with the same energies of ^ ^^Am and ^^ ^Eu, located at the same distance 
from the detector. The simulated efficiency in this case was larger than the 
experimental efficiency (represented by the curves labelled ‘MCNP eff. No DL’ and 
‘Experimental Efficiency’ in Figure 6 .6 ), which indicates that the simulated geometry 
does not represent the actual detector geometry. This result is expected because the 
Ge crystal dead layer was not considered in this first version of the model. For further 
assessment of the model response, four Ge crystal dead layer thicknesses were 
considered: no dead layer, 500 pm, 700 pm, and 800 pm, and compared with 
experimental efficiencies in order to obtain best agreement as an indication of the 
correct dead layer estimate. A dead layer of 700 pm gave the closest match with the 
experimental efficiency, as in Fig. 6 .6 .
Figure 6. 4: An X-ray image of the PGT HPGe detector
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Figure 6. 5: PGT detector model
Table 6. 2: PGT detector specifîcations
Dimension (mm)
Crystal diameter 50.0
Crystal height 34.0
Crystal aluminium enclosure diameter 58.35
Crystal aluminium enclosure height 60.05
Aluminium outer can diameter 77.0
Aluminium outer can height 118.0
The validity of the detector model with the verified dead layer thickness of 
700 pm was further examined by simulating the counting of a point source located at 
0, 2, 4 and 6  cm horizontally across the face of the detector. The simulated 
efficiencies were then compared with the efficiencies obtained experimentally for 
and ^^ ^Eu point sources, as in section 6.1.1. The results showed good 
agreement between the two cases, which supports the reliability of the detector model. 
Figure 6.7 displays the compared efficiency curves.
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Figure 6. 6: Experimental and simulated point source efficiencies for 
different crystal dead layer thicknesses
66
0.009
0.008
Experimental eff 
9cm h, 0cm0.007
0.006
MCNP eff. 9cm fi, 
07cm DL, 0cm
0.005
I  0.004
0.003
0.002
0.001
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
Î 0.004
.003
).00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
0.009
Experimental eff 
9cm h, +2cm
0.008
0.007
& 0.006 
S 0.005 
s  0.004
MCNP eff. 9cm h, 
.07cm DL, +2cm
<0.003
0.002
0.001
1.600.60 0.80 1.00 1.20 1.400.00 0.20 0.40
Experimental eff 
9cm h, -4cm
S'
MCNP eff. 9cm h, 
.07cm DL, -4cm
0.002
1.00 1.20 1.40 1.600.800.00 0.20 0.40 0.60
.008
Experimental eff 
9cm h, +4cm
.007
.006
.005 MCNP eff. 9cm h, 
.07cm DL, +4cm.004
.003
.002
.001
0
1.00 1.20 1.40 1.600.00 0.20 0.40 0.60 0.80
0.006
Experimental eff 
9cm h, -6cm0.005
MCNP eff. 9cm h, 
,07cm DL, -6cm
0.004
0.003
0.002
0.001
1.40 1.601.00 1.200.00 0.20 0.40
E (keV )
0.006
Experimental eff 
9cm fi, +6cm0.005
MCNP eff. 9cm h, 
.07cm DL, +6cm
0.004
0.003
0.002
0.001
0
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
E(keV )
Figure 6. 7: Experimental and simulated efficiencies for varied source positions 
across the face of the detector
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6.2.2 Scale Samples Modelling
Generally, the seale within the sample bags ean be well represented by an
upper seetion of an ellipsoid. The dimensions of each sample vary depending on the 
amount of scale present and the form of scale material, be they small stones, flakes, or 
powder; Figure 6 .8 . As such, for the MCNP simulation, ellipsoid seetion shapes were 
used to model the sample geometries; Figures 6.9 and 6.10. The measured sample 
dimensions used in the MCNP model are represented in Table 6.2. A separate sample- 
detector MCNP model was built for each sample, and the system efficiency was 
estimated. Figure 6.11 depicts the estimated efficiencies for the simulated samples.
Figure 6. 8: Samples: i) EILCMOl, and ii) EIA6401 in plastic bags
Figure 6. 9: MCNP model of detector and scale sample (EILCMOl) geometry;
a) XZ-plane, b) YZ-plane
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Figure 6.10: MCNP model of detector and scale sample (EIA1501) 
geometry; a) XZ-plane, b) YZ-plane
As it has been pointed out in section 6.1.2, due to the restrictions at the 
University of Surrey on the handling and treatment of alpha bearing materials, it was 
not possible to subject the samples to any processing, or physical or chemical 
analysis. As such, the scale properties and chemical composition to be used in the 
simulation remain unknown. Hence, assumptions were made regarding scale 
properties. Firstly, the scale is assumed to be a homogeneous mixture that mainly 
consists of barium, strontium and calcium sulphates. A “globally identified formula” 
of: Bao.82Sro.i4Cao.o28S0 4 , as stated by Hamlat [48], has been used for the MCNP 
simulation, with a typical density of scale of 2.6 g/cm^ [65]. Secondly, the activity 
within the scale material is assumed to be uniformly distributed. Such assumptions are 
acceptable for the purpose of this study, as in section 1.2 [73, 74].
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Figure 6.11: simulated efficiencies for the selected scale sample geometries
6.2.3 Activity Calculations
Each sample specific activity is calculated using the efficiency obtained from
the MCNP simulation for that sample. The specific activity equation used is:
- 6 .1
where,
Aei is the activity of nuclide i at energy E,
Nej is the net counts in the full energy E peak,
£e is the detector simulated efficiency at the peak energy E,
jEi is the emission probability for gamma photon of energy E from nuclide /,
t is the counting live-time in seconds, and
m is the sample mass in grams.
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The nuclide i activity is then calculated as the weighted mean of its individual 
peak activities which takes into account the weight of the precision of each activity 
value. The following general formula has been used to calculate the weighted mean 
value Myv for a set of data (M±o}) [9] :
  . . . . .  6 . 2
2 .M',
and the weighting factor W/,
w, . . . . .  6.3
(7;
The standard error of the weighted mean is
- 6.4
The sample total activity is then calculated from the formula [80 ,81]:
A= 6 xARa.2 2 6 '  ^8  xA A c -228 . . . . .  6.5
where ARa.2 2 6  is the activity of ^ ^Ra, and Aac-2 2s is the activity of ^ ^Ac in the 
sample and the recognition is made of their being six significantly contributing 
radionuclides in the ^^^Ra branch, eight significantly contributing radionuclides 
in the ^^^Ac (^^^Th) branch and that the contributing radionuclides within each branch 
are in secular equilibrium with each other. The 6  and 8  radionuclides considered in the 
two chains are the most contributing to gamma-ray spectroscopy.
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6.3 Results and Discussion
6.3.1 Sample Specific Activities
The estimated specific activities of and ^^^Th progenies are displayed in
Table 6.3. In general, the activities of the progenies of in all samples are larger 
than those of the progenies of ^ ^^Th. The difference in the presence of the two series 
in the scales is due to the nature and material composition of the reservoir rock 
formation and the oil well conditions. The to ^^^Th activity ratio in 9 samples 
varied between 1.6 and 7.3, and in one sample (WISCOl) it was about 592. This 
sample was collected from an oil field that lies in a different area from where the 
other 9 samples were collected, and there are several factors that may contribute to 
this high ratio. These include; the reservoir rock formation, the presence of shale, and 
the composition of formation fluids. This can be an interesting point for future 
research to investigate the reasons for such a high U to Th ratio.
The total specific activities of the scale samples ranged from 193 ± 4 Bq/g to 
2210 ± 18 Bq/g. All samples were obtained from the oldest oil producing area in 
Libya, and this may explain the relatively elevated activities in all samples, possibly 
from the use of injected ground water to generate artificial lift.
Sample EIA8000 recorded the highest total activity and the highest individual 
radionuclide activities, except for ^^%i which had the second high activity among the 
measured samples. Sample EIA3201 had the second highest total and individual 
activities, and the highest ^^ "^ Bi activity.
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Graphical representations of the estimated specific activities of the gamma 
lines used in activity calculation of the two series and ^^^Th) are demonstrated in 
Figures 6.12 to 6.21, with the specific activity weighted means of the two series are 
shown as horizontal lines. The gamma lines emitted by Progenies of displayed in 
the graphs are: gamma line energies 609, 1120, 1764 keV, ^^^Pb gamma lines
159 and 352 keV, and ^^^Ra 186 keV gamma line. In addition to the following ^^^Th 
progeny energies: ^^^Ac energies of 338, 911 and 968 keV, ^^%i energy of 727 keV, 
^^^Pb energy of 239 keV, and ®^^T1 energy of 583 keV.
The figures clearly demonstrate higher activities from progenies than 
from Th progenies in all samples. The lowest recorded U progeny gamma line 
activity was 16+20 Bq/g from the ^^ "^ Bi (1764 keV), while the highest activity was 
221 ±4 from the^^^Ra (186 keV). On the other hand, the lowest ^^^Th progeny gamma 
line activity was 0.1+0.02 Bq/g from the ^^^Pb (238 keV), and the highest activity was 
115+6 for ^ % i (727 keV).
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Figure 6. 12: Nuclide specific activities for sample EILCMOl compared to 
their weighted mean activities
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Figure 6.13: Nuclide specific activities for sample EILCM02 compared to
their weighted mean activities
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Figure 6.14: Nuclide specific activities for sample EIA6401 compared to 
their weighted mean activities
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Figure 6.15: Nuclide specific activities for sample E1A3201 compared to
their weighted mean activities
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Figure 6. 16: Nuclide specific activities for sample EIA1501 compared to 
their weighted mean activities
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Figure 6. 17: Nuclide specific activities for sample ElHDOl compared to 
their weighted mean activities
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Figure 6.18 (a): Nuclide specific activities for sample WASCOl compared 
to their weighted mean activities
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Figure 6. 19: Nuclide specific activities for sample EIA8003 compared to 
their weighted mean activities
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Figure 6. 20: Nuclide specific activities for sample EIA8000 compared to
their weighted mean activities
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Figure 6. 21: Nuclide specific activities for sample EIA8005 compared to 
their weighted mean activities
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6.3.2 “^ Ra/^^Pb and ^"Pb/^"Bi Ratios
Prior to counting, all samples were allowed to equilibrate for a period of at
least one month after being sealed in a plastic bag in order to achieve secular 
equilibrium between radium and its progenies. This period enables activities of the 
radionuclides following radon gas emission in the decay chain to build up and 
equalize to the activity of the parent radium. Table 6.4 shows the activity ratios of 
^^^ Ra/^ '^^ Pb and ^^ '^ Pb/^ '^^ Bi. It is obvious that all ratios are very close to 1.0, which 
indicates that all progenies of Ra are in approximate secular equilibrium.
Table 6. 4: ^"Ra/^^^Pb and activity ratios
No. Sample 226R /^214pb 214pb/214Bi
1 EILCMOl 1.0 1.0
2 EILCM02 1.0 1.1
3 EIA6401 1.1 1.1
4 EIA3201 0.9 1.1
5 EIA1501 0.9 1.0
6 EIHDOl 1.0 1.2
7 WISCOl 1.1 1.0
8 EIA8003 0.9 1.1
9 EIA8000 1.0 1.2
10 EIA8005 1.0 1.1
6.3.3 Comparison of the Results from the Two Studies
The present study results are compared with a pilot study (see section 5.8)
where a preliminary estimate of sample activity ranges was made. That study was 
based on the assumptions that the samples were different thickness homogeneous 
slabs placed in front of an ORTEC DETECTIVE portable HPGe detector, and the 
activities were obtained for two extreme cases: (i) with the entire activity concentrated 
at a point on the sample surface proximal to the detector, simulating a most 
optimistic-case scenario, and; (ii) with the entire activity concentrated at a point on 
the sample surface distal to the detector, simulating the worst-case scenario. The 
purpose of the pilot study was to give an estimation of sample activities for radiation 
safety and handling purposes. All activities were generated using ORTEC 
GammaVision software. Table 6.5 shows previous and present results. Only three
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sample activities lay within the predicted range, four sample activities being below the 
predicted ranges, and the other three samples had activities higher than the predicted 
range. This difference is mainly caused by the geometry approximation that has been 
used in the first study and in part to the different activity calculation methods and 
procedures used by GammaVision software in the pilot study and the manual 
calculation in the main study.
Table 6. 5; Estimated sample activities compared to activities from a previous study (Bq/g)a
previous study (Bq/g)
No. Sample
Activity
(Present
study)
Min.
Activity
(Previous
study)
Max .Activity 
(Previous 
study)
1 EILCMOl 237+24 300+34 2517+98
2 EILCM02 606+51 83+18 539+46
3 EIA6401 650+33 1025+63 5184+141
4 EIA3201 1344+44 439+41 1636+79
5 EIA1501 192+4 717+53 9086+187
6 EIHDOl 621+11 5533+146 9563+192
7 WISCOl 1119+22 363+37 1906+86
8 EIA8003 1234+21 472+43 1764+82
9 EIA8000 2208+18 306±34 770±54
10 EIA8005 993+10 401+39 693+52
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Chapter VII. Conclusions
7.1 Conclusions
This study is aimed at investigating the presence of NORM in Libyan oil 
fields, and to give an initial evaluation of the activities of some pipe scale samples. 
The field survey showed there to be an elevated presence of NORM radionuclides in 
two of the six oil fields visited in the western part of Libya. The two fields are located 
in an area of Libya where oil has been produced since the 1960’s and water injection 
has been used to generate artificial lift (see section 5.1). Onsite external gamma dose 
rates of up to 63 pSv/h were recorded on the outer surfaces of some rejected pipes, 
valves and other production equipment. Compared to the site measured background 
dose rate of only 0.1 pSv/h and the need for provision of adequate shielding for 
external dose rates of 7.5 pSv/h and above (derived from the annual dose limit for 
worker of 50 mSv/y and assuming 40 working hours per week) [76, 77], these values 
are considered to be very high, indicating radioactive contamination present in the 
affected oil fields that needs to be dealt with. Radioactive scale samples were 
collected from the two fields recording elevated dose rates. The samples, composed of 
different size stones, flakes, and/or powder, were contained in plastic bags of different 
sizes. The highest dose rate measured at the bagged sample surfaces was 27.3 pSv/h.
Ten scale samples collected from rejected pipes, valves, and wellheads were 
analysed using HPGe detector system. A Monte Carlo technique based on an MCNPX 
application was used to estimate the detector efficiencies for each sample, it not being 
possible to evaluate the efficiencies experimentally. For this, a number of assumptions 
were made regarding the sample shapes, densities and activity distribution, as follows:
(i) the sample shapes are ellipsoidal sections with different dimensions; (ii) the 
densities are uniform throughout each sample, and: (iii) the activities are uniformly 
distributed within each sample. These simplifying assumptions, while placing
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limitations upon the accuracy of the situation, are considered to be useful for the 
purpose of the study, certainly improving on previous estimates that consider all 
activity to be on the proximal or distal faces of a slab. In future work, one could 
certainly increase the complexity of the model to ascertain the sensitivity of the 
method to particular modifiers such as a range of densities. It should also be added 
that Monte Carlo techniques are in general very useful and have been widely used in 
characterizing HPGe detectors. In this work, excellent results were obtained, in the 
case of non-standard counting geometries, by varying the crystal dead layer, the 
detector dimensions and composition being obtained from the manufacturer data sheet 
and an X-ray image of the detector.
The calculated specific activities of ^^^Ra varied from 23 to 221 Bq/g, while 
those of ^ ^^Ac varied from 1 to 111 Bq/g. The weighted mean activities of ranged 
from 23 to 210 Bq/g and those of ^^^Th from 0.3 to 81 Bq/g. It is worth comparing 
these activities to values obtained for soil samples from Libya. A previous study [5] 
states activities in the range of (0.0041±0.0005 to 0.013510.0014 Bq/g), and 
^^^Th activities range of (0.002810.0007 to 0.006710.0011 Bq/g). The above 
comparison suggests massive build up of radionuclide concentrations in the scale 
material. In accordance with many other studies [78, 79], the concentrations of 
and its progenies in all samples are higher than those of ^ ^^Th and its progenies. One 
sample (EILCMOl) has shown exceptionally high concentrations of and its 
progenies relative to ^^^Th and its progenies, as shown in table 6.3. The specific 
activity of in that sample is 592 times higher than that of ^ ^^Th. It is to be noted 
that activity in the sample is comparable to that of the other samples, while, ^^^Th 
activity is much lower than that of any of the other samples. This is a point that worth 
further future investigation.
In the eight oil fields that were surveyed, samples from six of the fields 
showed those fields to be affected by NORM contamination, in particular in 
abandoned pipes and other production equipment. Oil production in the two 
unaffected fields has been very much more recent, starting in the 1990’s; as such, 
almost certainly these fields would have been producing oil under their own pressure, 
not requiring artificial lift (through pumped water) to bring oil to the surface. It should 
also be stated that the eight fields under study constitute only a small proportion of the 
total number of oil fields in operation in Libya, there being 2060 oil producing wells
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(in 2010) and 5615 miles of pipes in operation (from data available in 2011), added to 
which there are huge numbers of valves and other production equipment that has not 
been surveyed for NORM. According to information obtained from officials and 
workers in the industry, to-date no officially sanctioned study has been performed to 
assess the extent of NORM presence in the Libyan oil fields. With this in mind, it is 
thought to be essential that a NORM monitoring and management policy be put into 
action as soon as possible, particularly in the older producing oil fields in the 
northeast of the country.
7.2 Limitations of the Research
The main limitation of this study has been the inability to prepare the samples 
in a standard shape and composition. This limitation has lead to the use of Monte 
Carlo simulation and the introduction of a set of assumptions, preventing testing of 
the validity of the model through comparison of the results with conventional 
experimental outcomes, as is usual in Monte Carlo simulation studies.
Another limitation is the fact that each sample has different dimensions, 
and this case has necessitated a separate model to be built and tested for each sample. 
This consumed a considerable part of the time devoted for the research work, limiting 
to some considerable extent the performance of analyses and calculations, particularly 
in regard to the uncertainties arising from the assumptions, as discussed above.
7.3 Future Work
The main proposed future work is to transfer the samples to a licensed 
laboratory where the scale can be processed to the standard form for gamma-ray 
spectroscopy (i.e. by reducing the samples to fine grains of unified size and placing 
each such sample in a Marinelli beaker to provide a fixed geometry), enabling use of 
standard Marinelli calibration sources to estimate the system efficiency and from this 
the sample activities. This will then allow test of the validity of the MCNP model 
efficiencies.
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The above plan notwithstanding, using the present approach could 
certainly allow in-field analyses, for rapid indication of NORM activities. As such, it 
is important that detailed investigation be made of the sources of uncertainty in the 
present work, including the effect of sample position with respect to the detector and 
detector uncertainties as well as sample dimensions, density variations and 
inhomogeneous activity distribution within a given sample.
Finally, it would be of considerable importance if long-term longitudinal 
studies could be made of the activity of scale samples collected from the different oil 
wells at different times (spanning years of production, being possible if historically 
scaled pipes continue to be available with records to match) for different locations 
along the production path. This would be made more meaningful if records of all data 
were available, concerning the oil well and production conditions, providing valuable 
information on the various factors affecting scale formation. This may help in seeking 
strategies towards the prevention or the reduction of scale formation.
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Appendices
Appendix I
Pancake contamination meter data sheet:
L N D ,  I N C .
3230 LAWSON BLVD., OCEANSIDE, NEW YORK 11572 
E-mail: info@lndinc.com Web Site: http://www.Indinc.com 
1-516-678-6141 Fax: 1-516-678-6704
Designers & Manufacturers of Nuclear Radiation Detectors
7311 Pancake Mica Window-Alpha-Beta-Gamma Detector 
GENERAL SPECIFICATIONS
Gas filling N e +Halogen 
Cathode material 446 Stainless Steel 
Maximum length (inch/mm) 3.00/76.1 
Effective depth (inch/mm) 0.5/12.7 
Maximum diameter (inch/mm) 2.11/53.6 
Effective diameter (inch/mm) 1.75/44.5 
Connector Grid Cap
Operating temperature range °C -55 to +75 
WINDOW SPECIFICATIONS
Areal density (mg/cm^) 2.0 
Effective diameter (inch/mm) 1.75/44.5 
Material Mica
ELECTRICAL SPECIFICATIONS
Recommended anode resistor (meg ohm) 3.3 
Maximum starting voltage (volts) 750 
Recommended operating voltage (volts) 900 
Operating voltage range (volts) 850-1000 
Maximum plateau slope (%/100 volts) 10 
Minimum dead time (micro sec) 20 
Gamma sensitivity Co60 (cps/mr/hr) 60 
Tube capacitance (pf) 3 
Weight (grams) 125
Maximum background shielded 50mm Pb + 3 mm 
A1 (cpm) 30
94
Appendix II
Listing of the MCNP code for ORTEC Detective portable detector:
Ortec Detective Detector + material - version 1.0
c
C CELL COMMANDS 
C
C Protective cap
1 8 -1.17 7 -3 -1 +2 imp:p 1 $ rubber endcap
2 8 -1.177 -3 +4 -2 +5 imp :p .1 $ cyl rubber
3 8 -1.177 -5 -6 +4 +7 impzp 1 $ rubber flange
4 8 -1. 177 -3 +4 -7 +8 imp :p 1 $ cap end disc
C
C Aluminium outer can
5 2 -2.7 -10 +11 +9 -4 imp:p 1 $ aluminium outer can
6 2 -2.7 +10 -2 -4 impzp 1 $ bottom of can
7 2 -2.7 +11 -12 -9 +20 imp :p 1 $ end of can
c
C Inner crystal holder
8 2 -2.7 +17 -18 -13 +15 impzp 1 $ inner can side
9 2 -2.7 -13 +14 -17 impzp 1 $ inner can top
10 2 -2.7 +15 -16 -17 +20 impzp 1 $ bottom of crystal holder
c
C Thermal contact pin,
C
11 4 -8.41 -28 +11 -19 impzp 1 $ brass pin
12 3 -19.3 -28 +11 +19 -20 impzp 1 $ gold plating
13 4 -8.41 -21 +28 -25 impzp 1 $ brass dome
14 3 -19.3 -22 +21 +28 -25 impzp 1 $ gold plated dome
C , ,
C Boron contact 
C
15 7 -2.34 +20 -28 +16 -25 impzp 1 $ boron contact cylinder
16 7 -2.34 +28 -24 +22 impzp 1 $ boron contact sphere
C ■
C Crystal 
C
17 5 -5.323 -32 +29 +30 -14 -23 impzp 1 $ torus
95
18 5 -5.323 -31 -30'+2,9 impzp 1 $ crystal
19 5 -5.323 -26 +27 -29 +25 impzp 1 $ crystal bottom
20 5 -5.323 +28 -29 -25 +24 impzp 1 $ crystal centre core
C
C Lithium contact on the front of crystal
’
21 6 -0.535 -14 -30,+31 impzp 1 $ crystal
22 6 -0.535 +32 -33 +29 +30 -14-23 impzp 1 '$ torus 
c .
C Vacuum around crystal 
C
23 0 +16 -17, +25 -27 impzp 1 $ vacuum around thermal pin 
24,0 +27 -29+23 -17 impzp 1 ,$ vacuum at the side of crystal
25 0 +29 -14 +30 -17 +33 impzp 1 $ vacuum between torus
c
C lithium contact on side of detector
26 6 -0.535 -23 +26 +27 -29 impzp 1 
C
C Vacuum inside housing
27 0 +12 -15 -9 +20 impzp 1 $ back of housing
28 0 +15 -13 -9 +18 impzp 1 $ middle of housing
29 0 +13 -10 -9 impzp 1 $ front of housing
C
C Casing of detective
c
100 2 -2.7 +130 -131 +132 -134-138 +140 lmp:p 1 $ back wall of
casing
101 2 -2.7 +137 -7 +132 -134 -138 +140 +142 impzp 1 $ front wall of 
casing
102 2 -2.7 +,132 -133 +131 -136 -139 +141 -137 impzp 1 $ left wall of 
casing
103 2 -2.7 -134 +135 +131 -136 -139 +141 -137 impzp 1 $ right wall of 
casing
104 2 -2.7 -138 +139 +131 -136 +132-134 -137 impzp 1 $ top wall of 
casing
105 2 -2.7 +140 -141 +131 -136 +132-134 -137 impzp 1 $ bottom wall 
of,casing
C
C Air in casing 
C
96
106,1 -0.018 -136 -11+131 +133 -135 -139 +141 impzp 1 $ air in 
casing 1
107 1 -0.018 -136 +11 -137 +131 +133 +4 -135 -139 +141 impzp 1 $ air 
in casing 2
C
C Air around detector 
C
108 1 -0.018 -132 +152 -138+140 +130 -1 impzp 1 $ air to left
109 1 -0.018 +134 -151-138 +140+130 -1 impzp 1 $ air to right
110 1 -0.018 -134 +132 -138 +140 +7 -5 +6 impzp 1 $ air around
flange
111 1 -0.018 -134 +132 -138 +140 +3 -1 +5 impzp 1 $ air around cup
112 1 -0.018 -142 -7 +3 +8 impzp 1 $ air around cup
113; 1 ,-0. 018 +137 +4 -8 +140 -142 impzp 1 $ air around cup
114 1 -0.018 -151 +152 -138 +140+1 -150 (-1z+155z-156z+157z-
158Z+159) & 
impzp 1 $ air to front
C
C Block of oil scale
200 9 -4.84 +1 -155 +156 -157 +158 -159 impzp 1 $ oil scale material
c
C Void cell 
C
999 0 -152z+151z+138z-140z-130z+150 impzp 0 $ void cell
C SURFACE COMMANDS
■ ' ■ ■
C Rubber endcap 
C
1 px 0 $ end cap
2 px -0.15 ' $ inner endcap
3 ex 4.3 $ radius of endcap
4 cx 3.815 $ inner radius of endcap
5 px -6.7 $ length of endcap
6 cx 5.7 $ lip of endcap
7 px -7.3 $ flange of endcap
8 px -7.4 $ end of endcap
C
C Aluminium outer can 
C
97
9 cx 3.6 $ inner surface of.Al casing
10 px -0.25 $ inner surface of front casing
11 px -10 $ back of housing
12 px -9.8 $ inner surface back housing 
C
C Aluminium crystal holder 
C
13 px -1.25 $ front surface of A1 shielding
14 px -1.35 $ inner surface of A1,shielding■
15 px -6.35 $ outer surface of bottom of crystal holder
16 px -6.03 $ inner surface of bottom of crystal holder
17 cx 2.538 $ stainless steel layer on crystal
18 cx 2.688 $ outer layer of aluminium on stainless 
C
C Thermal transfer pin
c ; ' ; ■ i  ■ "
19 cx 0.4400005 $ naval brass pin
20 cx 0.45 $ gold plating on brass pin
21 sx -3.3 0.440005 $ naval brass end
22 sx -3.3 0.45 $ gold plating on round end
-  V.' ^
C Crystal
c ■ ■
23 cx 2.5 $ radius of crystal
24 sx -3.3 0.4500003 $ radius of hole in crystal
25 cx 0.4500003 $ radius of boron contact
26 cx 2.4 9965 $ radius of lithium contact
27 px -4.35 $ back of crystal
28 px -3.3 $ bottom of hole
29 px -2.15 $ bottom of cylinder
30 cx 1.7 $ radius of cylinder in torus
31 px -1.350350 $ lithium layer
32 tx -2.15 0 0 1.7 0.79965 0.79965 $crystal torus
33 tx -2.15 0 0 1.7 0.8 0.8 $boron torus 
C
C Metal box of casing 
C
130 px -36.3 $ back wall external
131 px -36.15 $ back wall internal
132 py -6.35 $ right wall external
133 py -6.20 $ right wall internal
98
134 py +6.35 $ left wall external
135 py +6.20 $ left wall internal
136 px -7.3 $ front wall external
137 px -7.45 $ front wall internal
138 pz +9.6 $ top wall external
139 pz +9.45 $ top wall internal
140 pz -14.7 $ bottom wall external
141 pz -14.55 ' $ bottom wall internal
142 cx 4.315 $ cylindrical hole in case
C ,
C Air around detector
150 px +6
151 py 7
152 py -7 
153; pz 10
154 pz -15 
C
C Oil scale material used to attenuate source 
C
155 px +3 , ,
156 py -5
157 py +5
158 pz -5
159 pz +5
C
C,DATA COMMANDS '
^ "
C MATERIAL COMMANDS 
C
C Air
ml 6000 -0.00014 $ dry air
7000 -0.75519 
8000 -0.23179 
18000 -0.01288 
C Aluminium can
m2 13000 -1 $ aluminium can
C Gold plating
m3 79000 -1 $ gold
C , Naval brass
m4 29000 -0.6 $ naval brass
99
30000 -0.39
50000 -0.01
c Germainium crystal
m5 32000 -1 $ Ge crystal
C Lithium contact
iïi6 3000 -1 $ lithiiim
C Boron contact
m7 5000 -1 $ boron
C Plastic endcap - kraton (synthetic rubber)
m8 1000 -0.1733 $ hydrogen
6000 -0.7758 $ carbon
7000 -0.0003 $ nitrogen ,
8000 -0.0177 $ oxygen
16000 -0.0158 $ sulphur
30000 -0.0171 $ zinc
C iron sulphite (brown scale)
iti9 26000 -0.5 $ iron ' .
16000 -0.5 $ sulphur
C
C PHYSICS CARD
C
mode p $ use photon mode
C
C SOURCE COMMANDS
C
SDEF POS - 5.0 0 0 ERG = D1
S U  L 0.005936
SPl D 1.0
C
C TALLY COMMANDS
C
F8 :P (17 18 19 20) $ photon tally, flux av over surf
E8 0 80961 2 T $ energy ranges of source
C
C SIMULATION COMMANDS
C
nps 10000000 $ number photons
print -85 -86 $ avoid printing sections 85 86
100
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ORTEC Detective gamma-ray spectra of scale samples:
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Figure III.4: Sample EIA1501
104
20000 O i
CO
CO
CO
CD CN 
00 XJS “ CNJO
li gs
2 0 0 300 400 500 600 7001 0 0
2500
2 0 0 0
s s
0 3
rli
g 1500  
o(o
O 1000
l i f eCO§
C33
CN
H  0 3
500
UJL
1 0 0 0 1 1 0 0 1 2 0 0 1300 1400 1500800 900700
1500
I
C33 S  CN
8  5  -  M
—  CD ”
m Z f  -
R - ^  m
1 0 0 0
COoo
s CO
500 CN
1800 1900 2 0 0 0 2 1 0 0 2 2 0 017001500 1600
500
400
300oo
CO
2 0 0
1 0 0
2200 2300 2400 2500 2600 2700 2800 2900 3000
Figure III.5: Sample EIA3201
105
4000 <o-
a>
§3000
CO
§  2 0 0 0  
Ü
CD
CD
i i
in
Is
1000
600 700400 5002 0 0 3001 0 0
600
IK a>400
S
I  o
CO œ
§ COI
2 0 0
0
1400 15001 1 0 0 1 2 0 0 13001 0 0 0900800700
300
COoo
8
2 0 0  -
1 0 0
CO C3)
CJ) s R!
i n CD T -^  m
CO S
CN 1
CO
CO
00
CM
m
k  UkAUAUVNLw»,
1500 1600 1700 1800 1900 2 0 0 0 2100 2200
COoo
8
150
1 0 0
50 -
0
S
Rl
m
CO
I
CO
I
CO
CD
CM
“T"
2200 2300 2400 2500 2600 2700 2800 2900 3000
E(keV)
Figure III.6: Sample EIA8000
106
woo
8
12000 
10000 -  
8000 - 
6000 
4000 
2000 
0
S g
Je
s
.o0_
g -
i l
CN ü
m
RjQ
S s"
/
i s
LOI
sSiQ.
i
Je
-A .
0 3
O
CO
Cû
(N
m
co CO00
ir>CD m
CD
' c
c r
CO
Cû
<
A
1 0 0 2 0 0 300 400 500 600 700
03OO
8
2 0 0 0
1500
1 0 0 0  -
500
Cû CO
0 0  0 0  (N
§
C33
Je
R
Cû
s
Cû
0 0 lO
CO N 0 0
CM N CO
O CO
0 0
CÛ CM
^Cû
CM •—
o
Cû
Cû
N-
§
Cû
700 800 900 1000 1100 1200 1300 1400 1500
1 0 0 0
COoo
CO
800 -
600 -
O 400
2 0 0  -
S2
§ SlO
S f
g
CO
g
Cû
g
Cû
N
S
Cû
CM
m
L .
1500 1600 1700 1800 1900 2 0 0 0 2 1 0 0 2 2 0 0
COoo
§
400
300 -
2 0 0
1 0 0  -
Tl-
o
CM
CM
œ
CD
O)
CM
CM
Cû
CM
faHmwufcCwAim wnw>|i*»i ilL«^
2200 2300 2400 2500 2600 2700
E(keV)
2800 2900 3000
Figure III.7: Sample EIA8003
107
&o
Q
800  
600 4 
400  
200 
0
CM CM
- û  CO _ro
le
<
i
CO
i
Ùj
s
CO
m
100 200 300 400 500 600 700
Uioo
8
150
100
50
700
o
CN
CO
S
CO
R
CO
R
CO
N
N .
CO
CO
i
CÛ ^
“  m
1 / ^
800 900 1000 1100 1200 1300 1400 1500
COoos
60
40
20
a>oin CO00
m lO
c\i m
t fû .
S
CO
g
CO
CN
m
1500 1600 1700 1800
liA|lLiliil<Mliiriihlil iiilliiliiuii,iihil«,ji|ln.A&.^  uüJLi&
1900 2000 2100 2200
ëo
S
30
20 CO
10
0
2200 2300 2400 2500 2600
E(keV)
2700 2800 2900 3000
Figure III.8: Sample EIA8005
108
6000
5000
O )
§4000
o
§  3000
O
2000
CN ^  
.O OO)
IS s
CO
1000
300100 200 400 500 600 7000
600
o
CN
500
S mO) CDO) Sen400w
I 300 i  §00
200
100
0
1000 1100 1200 1500700 800 900 1300 1400
(0oos
400
300
200
100
Stoi » COCO
CO
g
Cû
§
Cû
N-
s
Cû
1
CN
m
1500 1600 1700 1800 1900
JUl
2000 2100 2200
COoo
8
150
100
50 -
0
I
Cû I
Cû
2200 2300 2400 2500 2600 2700
E (keV)
2800 2900 3000
Figure III.9: Sample ElhdOl
109
35000 
30000 
25000 - 
o  20000 - 
g  15000 4 
10000 
5000 
0
R
r-  .. jA/L-
7
1 0 0
CD00
CO 0 5a: Sx
R
c^. y
§
CO
Z3 00 
Ü .C O
N
. a
CL
S
Je
05
O
CD
CO
Zô -
c
O
ID
CD CD
!E  CO CD
• -  lO CO
5  h -
<  §
200 300 400 500 600 700
4000
3000
8§ 2000
ü
1000
N-
g
CO
0 0
CD
I ' '
CO
cvi CD
00
M .
J D
i
CO
L£JLiIlÜ
T)-
COT- O)
5m S
0 5
<  . üR
o
C\J
CO
s
CO
JL
700 800 900 1000 1100 1200 1300 1400 1500
2500
2000
1500
o(O
ü  1000 H
500
CO
0 5  0 0
o  ID
LO T-
~ mCû -4-
1500 1600
CD
CD
CO
§
CO
CO
3
CO
1
CM
m
1700 1800 1900 2000 2100 2200
COoo
§
600
400
200
4-
1-
2200 2300 2400 2500 2600 2700
E(keV)
2800 2900 3000
Figure III.IO: Sample WASCOl
110
1 5 0 0 0
O)
§
1 0 0 0 0 CD
00 cgjQ00 O)r -  CNOO
CD
ID
I i5 0 0 0
I
7 0 02 0 0 3 0 0 4 0 0 5 0 0 6 0 01 0 0
2 0 0 0
1500
S
e n  00  
o  (O
5  U  ^
! R 
'g  f  §
£ / s“
v r  I  V  .
R R gI  1 0 0 0 s COiCN
500
1500900 1 0 0 0 1 1 0 0 1 2 0 0 1300 1400700 800
1 0 0 0
800
g 600  
ose
o  400
i
œ
lO 00
00
2 0 0
2 2 0 01700 1800 1900 2 0 0 0 2 1 0 016001500
250
2 0 0 o
150oo
CO
CN
1 0 0 i
2200 2300 2400 2500 2600 2700 2800 2900 3000
E(keV)
Figure III.ll: Sample WAF22N
111
Appendix IV
Decay properties of some of the observed NORM scale gamma energies
Decay
series
Radio­
isotope
t%
Decay
mode
Main
Energies
(MeV)
Branching
%
Main
Gammas
(keV)
Branching
%
1600 y a 4.6 5.55 186.2 3.6
4.79 94.5
26.8 m P 0.19 2.35 242 7.3
0.68 46 295.2 18.4
0.74 40.5 351.9 35.6
1.03 9.3 785.96 1.06
"'"Bi 19.9 m P 1.43 8.26 609.3 45.5
1.51 16.9 1120.3 14.9
1.55 17.5 1764.5 15.3
3.27 19.9 2204.1 4.9
2447.7 1.5
^^ R^a 3.62 d a 5.45 5.06 241 4.10
5.69 94.9
10.64 h P 0.16 5.17 238.6 43.6
0.34 82.5 300.1 3.30
0.57 12.3
'^^ Bi 60.55 m a 6.05 25.13 727.3 6.67
(35.9%) 6.09 9.75 785.4 1.1
1621 1.47
P 0.63 1.87
(64.1%) 0.74 1.43
1.52 4.36
2.25 55.5
u^«T| 3.1 m P 1.03 3.1 277.4 6.6
1.29 24.5 510.8 22.6
1.52 21.8 583.2 85.0
1.8 48.7 860.6
12.5
2615 99.8
Source: National Nuclear Data Centre website at: http://www.nndc.bnl.gov/chart/
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Appendix V
Gamma energies used for the POT spectrometer energy calibration
No. Nuclide Ch. E (keV)
1 Am-241 149 60
2 Cd-109 222 88
3 Eu-152 314 122
4 Ce-139 432 166
5 Eu-152 641 245
6 Eu-152 906 344
7 Sn-113 1031 392
8 Eu-152 1083 411
9 Eu-152 1170 444
10 Cs-137 1745 662
11 Eu-152 2057 779
12 Eu-152 2291 867
13 Y-88 2372 898
14 Eu-152 2547 964
15 Eu-152 2869 1086
16 Eu-152 2880 1090
17 Eu-152 2938 1112
18 Co-60 3100 1173
19 Eu-152 3205 1213
20 Eu-152 3433 1299
21 Co-60 3521 1332
22 Eu-152 3721 1408
23 Y-88 4854 1836
113
Appendix VI
Calibration sources certificates
DEUTSCHER KALIBRIERDIENST D K D
Kalibrierlaboratorium / C alibration labora tory  
Akkreditiert durch à\e /  accredited by the  
Akkreditierungsstelle des Deutschen Kalibrierdienstes
nuclitec GmbH
Gieselwea 1 38110 Braunschweig, Germany 
Tel +49 5307 932-0. Fax +49 5307 932-194 
Source No. RP 742
Kalibrierschein 
Calibration certificate
DKD-K-06501
Kalibrierzeichen 
Calibradort mark
021004
DKD-K-
06501
2009-02
GegenstandOiyëcf
Hersteller
M u n i / f i c l u r e r
TypType
Strah!er-Nr 
Source lumber
Auftraggeber
C u sfofw
Gamma Reference Source
nuclitec GmbH
EFRB15351
RP742
High Technology Sources Ltd. 
GB 0X11 7HP Didcot
Auftragsnummef 127098
Orator i*Jci
Anzanl der Seiten des Kahbrierschetnes 2
Number of of the ceraitas/e
Datum der Kalibrierung 1 February 2009
Dele of cadbratiao
Djeser Katibnerscbein Ookuinentierl die 
Rückführung auf nationale Normale zur 
Darstellung der Einfiejten in Ober- 
einstimmung mil dem  Internafionalen 
Einheitensyslem  (SI),
Der DKD is! Unterzeichner der multi- 
laleralen Obereinkommen der European  
co-operation for Accreditation (EA) und der 
International Laboratory Accreditation 
Cooperation (ILAC) zur gegen seitigen  
Anerkennung der Kalibrierscbeine 
FÛ+ die Einhaiitmg elner an g em essen en  
Frist zur Wiederhofung der Kalibrierung isr 
der Benutzer verantwortlich 
This cakbration certificate docum ents  the 
traceabHity to naticmaS standards, which  
realize the uruis o f m easu rem en t accordm g  
to the International S y s tem  o f  Units (SI).
The OKD is signatory to the multilateral 
agreem en ts o f the E uropean  tso-operafton 
for Accreditation (EA) and of the  
fntem ational Laboratory Acçreditshon  
Cooperation (ILAC) for the m utual 
recognition o f  catibratton certificates 
The u ser is  obliged to have hie ob jec t  
recaiibrated a t appropriate intervals.
D ieser Kalibrierschein darf nur voltstàndig und unverândert weiterverbreitei warden A uszuge Oder Anderungen bedurfen 
der Ger^timigung sowohl der Akkreditierungsstelle d es DKD ats aucti d es  ausstellenden Katibrrerlaboratoriums 
Kalibrierscbeine ohne Unferschrjft und Stem pef haben kerne Gültigkeit
This cahbrahon certificate m ay not b e  reproduced other than in full e x cep t With the f^rm ission  o f  both the  Accred/fabon 
B ody o f the DKD and the issu ing laboratory. Calibration ceitificafes without signature and sea l are not valid
Datum
DKD-K 
T  06501 io
20 February 2009
Letter des Ka«bneftabofalorium> 
H e a d  o i  t h e  c o H b r a t iO f i  l a b o r a t o ,
Dr Thieme
© n u c l i t e c
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Seite Page ^
021004
DKD-K-
06501
2009-02
Gamma Reference Source
Source no.
Drawing
Nuclide
Activity
Reference date
Leakage and contamination lest 
Wipe lest passed on 
Measuring method
Traceability
Uncertainty
Radioactive impurities 
Quality assurance system
Remark
RPT42
VZ-3602-001 
Europium-152 
3.02 kBq
i  February 2009 at 12:00 UTC 
Wipe test according to ISO 9978.
20 February 2009
The activity of the source was determined by comparison with a 
reference source of the same construction using a 
high purity germanium detector with multichannel analyser.
Additional to the direct traceability to the PTB through the DKD this 
product complies with the requirements for traceability to NIST 
specified in the American National Standard 'Traceability of 
Radioactive Sources to the NIST and Associated Instrument Quality 
Control (ANSI N42.22-1995)". As a requirement of the ANSI N42.22- 
1995 nuclitec GmbH participates in the NEI/NIST Measurements 
Assurance Program of the Nuclear Power Industry.
The relative uncertainty of the activity Is 3 '
The reported uncertainty, determined avoiding to the DKD-3 report 
is based on the standard uncertainty multiplied by a coverage factor 
of k = 2, providing a level of confidence of 95 %. (Ref. NIST Technical 
Note 1297/"Guide to the Expression of Uncertainty in Measurement" 
ISO Guide. 1995)
Related to Eu-152 (equal 100 %) the folfov/ing radioactive impurities 
were detected: Eu-154 < 0.4 %
The quality assurance system of nuclitec GmbH was certified by 
Lloyd's Register Quali^ Assurance (IRQA) according to ISO 9001, 
issue 2000. Isotrak products meet the requirements of 10CFR50 
Appendix B in the USA.
Density approx. 1.5 g/cm’
6 5 ,  I s s u e  Î .  2 0 0 8 - 1 1 - 1 1
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Explanations for Certificates (Page 2 of Certificates)
Uncertainty
T he reported uncertainty is 
based  Ml standard uncertainty 
rtujttipiied by a coverage factor 
k ■ 2. providing a level of 
confidence of approxin^ately 
95  % (ISO Guide. 1995)
Traceabllity
Thés certlfucate documents the 
traceability of measurement 
results to national standards, 
standard measuring equipment 
and melftcds for the reaiisatton 
of physical units of m easure­
ment according to the inter­
national System of Units (ST) 
Traceability is defined as the  
property cf a result of a 
measurem ent whereby it can 
be related to appropriate stan­
dards, generally mtemational 
or national standards, through 
an unbroken chain of compari­
sons'
nuclttec GmbH has been 
accredited as OKD (Deutscher 
Kahbrierdienst) calibration 
laboratory by the Pfryftikalisch- 
Technische BundesanstaJt 
(PTB) and is authorwed to 
issue reference sources which 
are t-aoeable to national stan­
dards held at the PTB its Ger- 
many
BecaijSO of the Eiffspean co­
operation for Accreditation (EA) 
mutual reccgniton a g r ée r a it  
tlie certificates are a lso  a c ­
cepted by all EA-membsrs {c. 
g.UKAS).
This product complies with th e  
requirements for traceaCtlrty to 
NIST specified in the American 
National Staridard Traceability  
of Radioactive Sources to th e  
NIST and Associated instrn 
ment Quality C o n W  (ANSI 
N42 22-199S r
As a requirement for the ANSI 
N42 22-19Ô6 nucliloc GmbH  
participates in tre  NEt'NiST  
fi4ea&urements A ssurance  
Program of tlw Nudear Povver 
Industry.
Leakage and contamination te s ts
stringent tests fw teekage are an essential feature of radioactive sources produdicri Tney are based on ISO 9978. Som e staridard m eth­
ods used for testing rac&ation sources are fisted tieiaw.
Wipe te s t I
The s o u rc e  is wiped vdfh a 
swab or tissue, moistened with 
ethanol or wator. the activity 
removed is measured 
Limit 200 eq  
(Limit USA; 5 nO )
Immersion test II
The source is immersed in a 
suitaWe liquid at 60 for at 
least 4  tiours and the activity 
removed rs measured 
Limi'f: 200  Bq 
(Limit USA 5 nCi)
Bubble test III
The source is immersed in 
vater or a suitable liquid and 
(Ire pressure in the vessel 
reduced to 13 kPa (100 mrn 
Hgi No bubbles must be  
observed.
ISO classification
The Iniemationai Organization for Standardization (ISO) has proposed a system of dasarfiratian of seaffrd f«Jioaclive so ire e s  based on  
safety requirements for typical u ses  {see  ISO 2919 and ANSI N43.6-1967). This system  provides a manufacturer of seated radioactive 
sources with a set of tests to evaluate ttie safety of his products It also assists a user of suefi seated sources to setect types which suit 
the ap<y»caticn he has in mmd Tfie tests to wf*ch specimen sources are siA jecled are  fcsted in the  following table
Classification of sealed source performance standard according to ISO 2919 and ANSI N43.6-1997
C lass
1 z 3 4 « 6 X
T em perstur* No test ' 40  "C (20 min) 
1- 60 ’ C (1 h)
. 40  *C (20 min) 
+ 1 6 0 ‘C (1 h)
. 4b T  (20 min)
4 400 “C (1 h) 
and thermal sftock 
400 "C to 20 X
- 40  -C (20 mini 
*  600  ‘C (1 h) 
and thermal shock  
60 0  "C to 20 "C
- 4 0  'C (20 dan)
+ 800 *C (1 h) 
and ther mal shock 
800 *C to 20 *C f
External
P re ssu re
No test 25 k^a absolute 25 k^a absolute 
to 2  MPa absolute
25 kPa absolute 
to 7 MPa absolute
25 kPa ^JsoJute 
to 70 MPa abso­
lute
25 kPa absolute 
to 170 MPa a b so ­
lute
1
Im pact No test 50 q from 1 m 200 0 bom 1 m 2 kq &om 1 m S kg from f m 20 kq from 1 m
Vibration No test 3 X 10 min 
25  - 500 Hz at 
5 g peak ampli­
tude
3 x  lOnvn  
25 ■ 50 Hz at 5 g  
peak amplitude 
and 50 ' 90 H z at 
0.635 riTO ampli­
tude peak to peak 
and M  - 500 Hz at 
10 g peak ampli­
tude
3  X 30 mm 
25 • 60 Hz at 
1 5  mm amplitude 
peak to peak and 
SO • 2000 Hz at 
20 g peak ampli­
tude
Pwnctwf* No test 1 g from 1 m 10 Q from 1 m 50 9  from 1 m 300 0  from 1 m 1 kq from 1 m
Special applications
No lest progiamme can cover 
aH possible oombinalions of 
environments to which a 
source may be exposed  
U sers shoukJ fherefcre consult 
our experts before using 
sources in potentially adverse envwcntTwnts
IAEA Special Form
Spécial Form’ «  a test specifi­
cation for sealed  sources given 
in the IAEA transport régula- 
tiom  (IAEA TS R-1)
It is used  in delerminirw the 
maximum acceptable activities 
for various types of transport 
containers
It nothing e lse  its slated, the 
refefence date is xjenlkal v/ith 
the date of manufacture
Quality assurance  
System
The quality assurarjce system  
of nuclitec GmbH w as certi­
fied by Lloyd's Register Quality 
Assuradxe (LRQA) ac-cording 
to ISO 9001 20CO and accord­
ing to ISO 13485 2003 for 
medical devices Isotrak prod­
ucts m eet the requirements of 
10CFR60 Appendix 8
NRC Advice
Radioactive Materai - not for 
human use - introduction into 
foods, beverages, cosm etics, 
drugs. Of medicinals, or into 
prccucts manufactured for 
commercial dis1'Æ»ut»on Is 
prohibited • exem pt quantities 
should n d  t «  combined
PL; Onuclitec
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D E U T S C H E R  K A L I B R I E R D I E N S T  D K D
Kalibnerlaboratorium / C a lib r a t io n  la b o r a to r y  
Akkreditiert durch die /  accred ited  b y  the  
Akkreditierungsstelle des Deutschen Kalibrierdienstes
nuclitec  GmbH
G iestfweg 1, 38110 Braunschweig, Germany 
Tel +49 5307 932-0. Fax +49 5307 932-194 
S ource No. RP 739
Kalibrierschein 
Calibration cartiffCate
AM »
_ ç v DKD-K-06501
Kalibrierzeichen 
Calibration mark
021005
DKD-K-
06501
2009-02
Geometry Reference Source
nuclitec GmbH
QCRB15348
RP 739
Gegenstand
Hersteller
M a n u f a c t u m r
Typ
Type
Sfrahler-Nr 
Source t t o f n à « f
A uftraggeber
Customer
A uftragsnum m er 
Order Afo
Anzahl der Selten des Kalibnerschemes 
N um ber o f  p e g e s  o f  the cetlrficefe
Datum der Kalibrierung 
D ate o f  calibration
High Technology Sources Ltd. 
GB 0X11 7HP Didcot
127098
1 February 2009
Dieser Kalitmerschern dokumentied die 
Rückfühfung auf nationale Normale zur 
Darstellung der Einheiten in Über- 
einstimmurvg mit dem Infernalionaten 
Einheitensyslem (SI).
Der DKD ist UnterzeicAner der multi- 
lateralen (Jbereinkommen der European 
co-operation for Accreditation (EA) und der 
Intematkinal Laboratory AccredrtalKSn 
Cooperation (ILAC) zur gegerrseitigen 
Anerkennung der KaJibnerscheine.
Fur die Einhaltung emer angem essenen  
F rial zur Wiederliolung der Kalibrierung ist 
der Benutzer verantwortlich 
This calibratioti certificate documenfs the 
traceabiifty fo national standards, which 
realize the units o / m easurem ent according 
fo the International System  of Units (SI),
The DKD is siffnetmy to the tnultilateral 
agreements of the European co-<^ration  
for Accreditation (EA) and of the 
Intematicmal Laboratory Accreditation 
Cooperation (fLAC) for the mutual 
recognition c f calibration cetWicaies.
The m es is obliged to have the object 
recalibrated at appropnate intervals
Dieser Kalibrierst^ern dad  niff voHstàridig und unverandert weiterverbnertet werden Ausztige Oder Anderungen bedurfen 
der Genehmtgung gowohi der Akkreditierungsstelle des DKD als auch des ausstellenden Kalibrierlalxffatoriums. 
Kalitwierscheine oh ne Urrterschrift und Stempe) haben keino Gultigkeit.
This calibration certificate may not be reproduced other than in full except mth the permission of both the Accreditation 
Body of the DKD and the issuing laboratory Calibration certificâtes without signature and seal are not valid.
Stem pel Datum
Saar
DKD-K 
7^ 06501
Ùjajo'
Date
20 February 2009
Loiter des KalibriertaboratonufTvs 
Head of the c^ibraiion laboratory
Dr Thieme
Onuclitec
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Seile
Page
021005
DKD-K-
06501
2009-02
Geometry Reference Source
Source no.
Drawing
Volumo
Density
Construction
RP 739
VZ-3602-001 
approximately 550 ml 
approximately 1,6 g/cm^
The radionucfidic mixture is homogeneously incorporated in the 
matrix of the source.
Nuclide Gamma-ray energy 
fMeVl
Activity
[Bq|
Emission rate
K 'l
Americium-241 0.060 3.41E03 123E03
Cadmium-109 0.088 1.50E04 5.44E02
Cobalt-57 0.122 5.03EQ2 4.30E02
Cerium-139 0.166 6.07E02 4.85E02
Mercury-203 0279 8.42E02 6.86E02
Tin.113 0.392 1.99E03 1.29E03
Strontium-85 0.514 1.95E03 1.92E03
Caesium-137 0.662 2.68Ê03 2.28E03
Yttrium-88 0.898 4.15Ê03 3.90E03
Cobalt-60 1.173 3.12E03 3.11E03
Cobalt-60 1.333 3.12E03 3.12E03
Yttrium-88 1836 4.15E03 4.12E03
Reference date
Leakage and contamination test 
Wipe test passed on 
Measuring method
Traceability
Uncertainty
Radioactive impurities 
Quality assurance system
1 February 2009 at 12:00 UTC 
Wipe test according to ISO S978,
20 February 2009
The activity was measured with a gamma spectrometer system 
consisting of a calibrated high purity germanium detector and a multi­
channel analyser.
Additional to the direct traceability to the PTB through the DKD this 
product complies with the requirement for traceability to NIST 
specified In the American National Standard Traceability of 
Radioactive Sources to the NIST and Associated Instrument Quality 
Control (ANSI N42.22-1995)". As a requirement of the ANSI N42.22- 
1995 nuclitec GmbH participates In the NÊI/NIST Measurements 
Assurance Program of the Nuclear Pov»'er Industry,
The relative uncertainty of the activity Is 3 % {Cd*109; 5 %).
The reported uncertainty, determined acxïording to the DKD-3 report 
is based on the standard uncertainty multiplied by a coverage factor 
of k = 2, providing a level of confidence of 95 %. (Ref. NIST Technical 
Note 1297/"Guide to the Expression of Uncertainty in Measurement" 
ISO Guide, 1995)
At the time of calibration the following radioactive impurities v/ere 
detected: Co-56<1 Bq; Co-58<1 Bq; Zn-65<1 Bq: Ag-110m<1 Bq; 
Cs-134<7Bq
The quality assurance system of nuclitec GmbH was certified by 
Lloyd's Register Oualit)' Assurance (LRQA) according to ISO 9001, 
issue 2000. Isotrak products meet the requirements of t0CFR50 
Appendix B in the USA, ,
6B, rssua 1, 2008-11-17
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Explanations for Certificates (Page 2 of Certificates)
Uncertainty
The reported uncertainty is 
based on standard ^jncenainty 
multiplied by a cov era ^  taetor 
k " 2. providing a level of 
confidence of approximately 
95 % (ISO Guide. 1995)
Traceability
This certificate documenis the 
traceability of measitfemert 
residts to national standards 
standard measuring equipment 
and methods for the realisation 
of physical units of measure­
ment according to the Inter- 
naiiorW System  of Units (SI). 
TraceatsM^ is defined as "the 
property of a rcsull of a 
measurement v/fiere^  it can 
be reiated to appropriate stan­
dards. generally ntem atooBl 
or nabon^ standards, through 
an unbroken chain of compari­
sons'.
nuclitec GmbH has been  
acctedited as IDKD (Deulscner 
Kakbrierdienst) calitffation 
taboratory by the Physikalisch 
Tecfinlscne Bundcsansialt 
(PTB) and is authorized to 
issue reference sources which 
are traceabfe to nalionaf stan­
dards heW at the PTB in Ger­
many.
B ecause Of the European co- 
operatico for Accreditation (EA) 
mutual recognition agreement 
the oertdicates are also ac­
cepted by a# EA members (e. 
g UKAS).
This product complies with tl>e 
requircmctils for traceability to 
NIST Bpedfied in the American 
Naticnal Standard ‘Traceability 
of Radioactive Sources to the  
NIST and Associated instru­
ment Quality Control (ANSI 
N4Z.22-1995r*.
As a requiiemens for the a n s i  
N42.22-1995 nuclitec GmbH  
particrpates in the NEI/NIST 
Measurements Assurance 
Program of (he Nuclear Power 
Industry
Leakage and contamination tests
Strmgent tests for leakage are an essential feature of radioactive sources productnwi. They are based on l$ 0  997S. Sem e starvzara m eth­
od s used for lestinq radiation sources are listed tjelov.'
Wipe tes t I
The source is wiped wfth a 
swab Of tissue, moéstenod wtlh 
ethanol or water, the activity 
removod is m easwed.
Limit; 200 Bq 
(Limit USA 5 nCi)
Immersion tes t II
The source is immersod in a 
Suitable liqurd at 50 *C for ai 
least 4  hours and the adivity 
removed is m easixed  
Limit: 200 Bq 
(Limit USA- 5 nCf)
Bubble test III
The source is immefsed in 
water or a suitable ligud and 
the pressure in  the vessel 
reduosd to 13 ttPa <100 mm 
Hg). No bubbles must be 
observed
ISO classification
The Internalfonal Organization for Standartlizallon (ISO) has proposed a system of classification of sealed  radioactive sources based on  
safety requirements for typical usos (see  ISO 2919 and ANSI N43.6-1997) This system  provictes a manufacturer of sealed radioactive 
sources with a set of tests to evaluate the safety of fWs products It also assists a user of such sealed  sources to setect types which suit 
ttre applicatkn he has in mind The tests to which specim en sources are subjected arc listed in (he following table
Classification of sealed source performance standard according to ISO 2919 and ANSI N43.6-1997
Class
1 2 3 4 S $ X
T*iwp»rmura No test - 40 *C (20 min) 
♦ 00 'C (1 h)
- 4 0  'C  (20 min) 
+ 180 "C (1 h)
- 4 0  *C (20 mint 
-I- 400 ’C (1 h) 
and ttierm&l shock 
400 "C to 20 ‘C
- 4 0 * à  (20 min)
+ 600 'C  (1 h) 
and thermal shock 
600 *C lo 20 ‘C
-  4 0  *C (20 min)
♦ 800 *C (1 h) 
ard thermal StkXk 
800 ’C 10 2D "C
I
a.
External
P rcssu r*
N olesl 25 kPa abscJuie 25 kPa absolute 
to 2 MPa absolute
25 KRa absotule 
to 7 f.TPa absolute
25 kPa absolute 
to 70 MPa abso­
lute
25  kPa absolute 
lo 170 MPa abso­
lute
i
Impact No test 50 a from 1 m 200 q from 1 m 2 kg from 1 m 5 ko from 1 m 2 0  kg from 1 m
Vibration No test 3 X 10 min 
25 • 500 Hz at 
5 9 peak ampli­
tude
3 X 10 min 
25 - 50 Hz at 5 g  
peak amplitude 
and 50 - 90 Hz at 
0 .635 rrxn ampli­
tude peak to peak 
and SO - 500 Hz at 
to g peak ampli­
tude
3 X 30 min 
25 - SO Hz at 
1,5 mm amplitude 
peak lo peak and 
60 - 2000 Hz at 
20 g peak ampli­
tude
P une fur# No test 1 a  from 1 m 10 g from 1 m 50 g from 1 m 300 g from 1 m 1 kq from 1 m
Special applications
No test programme can cover 
all possiblii combinations of 
environments to which a
source may be exposed  
Users ShoukJ therefore consUt 
our experts before using
sources In potentialty adverse 
environments
IAEA Special Form
Special Form' is a test specifi­
cation for sealed sources given 
in the IAEA transport regula­
tions (IAEA TS-R-1)
It is used in determining the 
maximum acceptatte aaiviiies 
for various fyocs of (rartspOfl 
containers
If nothing e lse  is stated, the 
reference date is ictentical with 
the date of manufacture
Quality assurance 
System
The quality assurance system  
of nuclitec GmbH was certi­
fied by Lloyd's Register Quality 
Assurance (LRQA) ac-cordvig 
to ISO 9001.2000 and accord­
ing to I S 0 13485.2003 for 
(Ttedical devices. Isotrak prod­
ucts meet the requirements of 
10CFR50 Appendix 8 .
NRC Advice
Radioactive Material - not for 
human u se - introduction into 
foods beverages, cosm etics, 
drugs, or medicirxaJs or into 
products manufactured for 
c o m iT ie r D a t  distribution is 
prohibited * exempt quantities 
should not be combined
Onuclitec
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Appendix VII
Calibration sources spectra
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Fig. VII: 152Eu calibration source spectrum
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Fig. VII: NG3 mixed nuclide calibration source spectrum
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Appendix VIII
PGT HPGe detector background spectrum
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Appendix IX
Scale samples spectra obtained using PGT detector
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Fig. IX-1: Sample EILCMOl spectrum
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Fig. IX-2: Sample EILCM02 spectrum
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Fig. IX-3: Sample EIA6401 spectrum
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Fig. IX-4: Sample EIA3201 spectrum
126
g20
18
16
14
1 2
1 0
8
6
4
2
0
CO 05
•û <
Rig
0 200 300100 400 500 600 700
3.5
2.5
n
0.5
1100700 800 900 1000 1200 1300 1400 1500
0.5
18001500 1600 1700 1900 21002000 2200
0.8 
0.7 
0.6 
0.5 
ë  0.4 
0.3 
0.2 
0.1
25502150 2250 2350 2450 2650 2750 2850 2950
E (keV)
Fig. IX-5: Sample EIA1501 spectrum
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Fig. IX-6: Sample EIHDOl spectrum
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Fig. IX-7: Sample WASCOl spectrum
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Fig. IX-8: Sample EIA8003 spectrum
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Fig. IX-9: Sample EIA8000 spectrum
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Appendix X
MCNP input listing for PGT detector
PGT HPGe detector - Detector model
C Ahmed Shawki Habib
C Th. 06/01/2011
C ###### HPGe model with the origin located L cm above plane No. 10 #######
C ###### Modefied crystal dimensions: d==5 0 cm, h=3.4 cm; V= 66.73 cm''3 ######
C ###### The Ge dead layer is 0.07 cm # # # # # # #
C ###### Scale sample (En-LCM--01)in a plastic bag with a shape of .. ######
C ###### . . the the upper part of an ellipsoid ######
C ***** CELL COMMANDS *****
C Outer aluminium case
1 1 -2.7 - 1 2 - 4  6 imp:p 1 $ Outer A1 can cylendar
2 1 -2.7 -3 4 -1 impzp 1 $ Outer A1 can top
3 1 -2.7 5 - 6  8 - 1 imp:p 1 $ Outer A1 can bottom
C Vacuum inside outer A1 can
4 0 -2 (7 : 9) 35 -4 impzp 1 $ Vacuum inside outer A1 casing
41 0 -2 34 36 -35 impzp 1 $ Vacuum inside outer A1 casing
42 0 -2 7 10 -36 impzp 1 $ Vacuum inside outer A1 casing
26 0 8 -2 -10 6 impzp 1 $ Vacuum below Ge crystal can
5 1 -2.7 -7 11 24 -12 impzp 1 $ Inner A1 casing cylendar around crystal
6 1 -2.7 -9 12 -7 impzp 1 $ Inner A1 casing top
16 1 -2.7 10 -24 8 -7 impzp 1 $ Inner A1 casing bottom
7 2 -1.397 -11 14 -15 13 -29 impzp 1 $ Mylar layer around crystal
8 2 -1.397 -12 15 -30 impzp 1 $ Mylar layer top
23 2 -1.397 32 -33 29 30 impzp 1 $ Mylar torus
9 3 -0.535 -14 16 13 -17 -29 impzp 1 $ Lithium contact around crystal
10 3 -0.535 -15 17 -30 impzp 1 $ Top of lithium contact around crystal
22 3 -0.535 31 -32 29 30 -14 -12 imp P 1 $ Lithium contact tours
27 1 -2.7 -34 7 -35 36 impzp 1 $ Aluminum crystal holder
C Ge crystal
11 4 -5.323 -65 18 -29 66 19 impzp 1 $ Ge crystal
20 4 -5.323 -30 -67 29 impzp 1 $ Top of Ge crystal
21 4 -5.323 29 30 -68 -65 impzp 1 $ Ge crystal tours
25 4 -5.323 -18 19 -29 28 impzp 1 $ Ge crystal above dome
12 5 -2.34 -18 20 -28 13 impzp 1 $ Boron contact around brass pin
13 6 -19.3 -20 8 13 -28 imp z p 1 $ Gold contact around brass pin
14 7 -8.41 -8 -28 5 impzp 1 $ Brass pin
15 0 -11 24 -13 8 impzp 1 $ Vacuum below the crystal
24 0 29 30 33 -11 -12 impzp 1 $ Vacuum above Lithium torus
17 7 -8.41 -23 28 impzp 1 $ Brass dome
18 6 -19.3 -21 23 28 impzp 1 $ Gold dome
19 5 -2.34 -19 21 28 
C
impzp 1 $ Boron dome
C
C air surronding detector and sample
55 8 -0.018 ((1 -3) : (3 81) : -5) -25 -26 27 impzp 1
C Ge crystal dead layer
30 4 -5.323 -16 65 -29 13 impzp 1 $ sides of dead layer
31 4 -5.323 13 -66 18 -65 impzp 1 $ bottom of dead layer
32 4 -5.323 -17 67 -30 impzp 1 $ top of dead layer
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33 4 -5.323 -31 68 30 29 -16 -17 
C
C Scale sample (En-LCM-01)
C
58 10 -2.6 -80 82 
C
C Plastic bag
59 9 -0.9300 -81 80 82
60 9 -0.9300 3 -82 -81 
C
99 0 25 : 26 : -27
C = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
impzp 1 $ torus of dead layer
impzp 1
impzp 1 
impzp 1
impzp 0
$ Plastic bag sides 
$ Plastic bag bottom
$ Vacuum outside the system
***** SURFACE COMMANDS
outer aluminium case 
cz 3.85 
cz 3.65 
pz 5.7 
pz 5.5 
pz -6.1 
pz -5.4
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
33 tz 0 0 4.6375 2.35 0.2175 0.2175
cz 2.7175
8 cz 0.35
9 pz 5.005
10 pz -1.0
11 cz 2.5675
12 pz 4.855
13 pz 1.3875
14 cz 2.56
15 pz 4.8475
16 cz 2.5
17 pz 4.7875
18 cz 0.35033
19 sz 3.5375 0.35033
20 cz 0.35003
21 sz 3.5375 0.35003
23 sz 3.5375 0.35
24 pz -0.8
25 cz 14
26 pz 16
27 pz -16
28 pz 3.5375
29 pz 4.6375
30 cz 2.35
31 tz 0 0 4.6375 2.35 0.15 0.15
32 tz 0 0 4.6375 2.35 0.21 0.21
External surface of outer A1 case 
Internal surface of outer A1 case 
Upper surface of the top of outer A1 case
Lower surface of the top of outer A1 case
Lower surface of the bottom of outer A1 case
Upper surface of the bottom of outer A1 case
External surface of inner A1 case 
Brass pin cylinder
Upper surface of the top of inner A1 case
Lower surface of the bottom of inner Al case
Surface b/w inner Al case and Mylar cylender
Surface b/w the top of inner Al case and Mylar layer
Lower surface of Ge crystal
Surface b/w Mylar and Li layers
Surface b/w top Maylar and Li layers
Outer surface of Ge crystal
Top of Ge crystal
Surface of Ge crystal hole
Dome of Ge hole
Surface b/w B and Au layers
Dome b/w B and Au layers
Brass pin dome
Upper surface of the bottom of inner Al case
Air around detector
Air above detector
Air beneath detector
Surface below brass dome
Top of crystal below torus
Cylender in torus
Ge crystal torus
Li contact torus
$ Mylar layer torus
Al holder cylander 
Al holder upper edge 
Al holder lower edge
Inner wall of Ge dead layer 
Bottom of Ge dead layer 
top of Ge dead layer 
Inner torus of Ge dead layer
34 cz 3.1175 $
35 pz 3.3875 $
36 pz 2.7875 $
C
C 0.07 cm dead layer 
C
65 cz 2.43 $
66 pz 1.4575 $
67 pz 4.7175 $
68 tz 0 0 4.6375 2.35 0.08 0.08 $
C
C Sample ellipsoid 
C
80 sq 0.015625 0.11111111111111 0.015625 0 0 0 -1 0 0 5.7 
C
C Plastic bag outer surface 
C
81 sq 0.015431502682959 0.10749798777404 0.015431502682959 0 0 0 -1 0 0 5.7 
C
82 pz 5.75 $ upper surface of bottom of plastic bag
C
C  = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
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c ***** DATA COMMANDS *****
C
C ***** MATERIAL COMMANDS *****
C
C
ml 13000 -1 $ Aluminum casing
C
C Mylar
m2 1000 -0.041959 $ Hydrogen
6000 -0.625017 $ Carbon
8000 -0.333025 $ Oxygen
C
m3 3000 -1.0 $ Lithium
m4 32000 -1.0 $ Germanium crystal
m5 5000 -1.0 $ Boron
m6 79000 -1.0 $ Gold
C Naval brass
m7 29000 -0.6 $ Cupper
30000 -0.39 $ Zink
50000 -0.01 $ Tin
C
C Dry air
m8 6000 -0.00014 $ Carbon
7000 -0.75519 $ nitrogen
8000 -0.23179 $ Oxygen
18000 -0.01288 $ Argon
C
C Sample plastic bag
m9 1000 -0.143716 $ Hydrogen
6000 -0.856284 $ Carbon
C
C from [Global in HAM03]
C The scale is formed of (BaS04 - 82%),(SrS04 -  14%), (CaS04 -  2.8%)
C
mlO 8000 -0.3644 $ Oxygen
16000 -0.1822 $ Sulfer
20000 -0.0980 $ Calcium
38000 -0.1594 $ Strontium
56000 -0.1960 $ Barium
C
C ***** PHYSICS CARDS *****
C
mode p
C
C SOURCE COMMANDS
C The source cell 58 is inclosed Within a virtual sphere.
C
SDEF POS=0 0 5.7 RAD=dl CEL=58 ERG =0.059541
SIl 0 9.0
SPl -21 2
C
C TALLY COMMANDS
C
F8:P (11 20 21 25) $ Pulse height tally in Ge crystal
E8 0 81921 3 T $ Energy pins
C
C SIMULATION COMMANDS
C
nps 100000000 $ number of photons
print -30 -85 -86 $ tables 30, 85, and 86 are not printed
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Presentations and Published and accepted papers
XI-1: Published Papers
1- “The use of MCNP and gamma spectrometry in supporting the evaluation of 
NORM in Libyan oil pipeline scale”. Ahmed S. Habib, D.A. Bradley, P.H. Regan, 
and A.L. Shutt. Nuclear Instruments and Methods in Physics research A 619 (2010), 
245-251.
2- “A preliminary report on the determination of natural radioactivity levels of the 
state of Qatar using high resolution gamma ray spectrometry” Al-Sulaiti, H.; Regan, 
P.H.; Bradley, D.A.; Malain, D.; Santawamaitre, T.; Habib, A.; Matthews, M.; 
Bukhari S., Al-Dosari, M. Nuclear Instruments and Methods in Physics Research A  
619 (2010) 427-431.
3- “Determination of the natural radioactivity levels in north west of Dukhan, Qatar 
using high-resolution gamma-ray spectrometry” Huda H. Al-Sulaiti, Tabassum T. 
Nasir, K.S. Al Mugren, N. Alkhomashi, N. Al-Dahan, M. Al-Dosari, D.A. Bradley, 
S. Bukhari, M. Matthews, P.H. Regan, T. Santawamaitre, D. Malain and A. Habib, 
Appl. Radiat. Isot. 2012 Jul;70(7): 1344-50. Epub 2011 Dec 16.
XI-2: Accepted Papers
1- “Characterization of Naturally Occurring Radioactive Materials in Libyan Oil Pipe 
Scale Using a Germanium Detector and Monte Carlo Simulation”, Ahmed S. Habib, 
D.A. Bradley, P.H. Regan, and A.L. Shutt, The 12^  ^ International Symposium on 
Radiation Physics (ISRP-12), Rio de Janeiro, Brazil, 6 - 1 2  Oct. 2012.
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XI-3: Presentations
1- Poster presentation at the International Symposium on Radiation Physics 
(ISRP-11); at the University of Melbourne, Victoria, Australia, 20-25 Sep. 2009.
2- Oral presentation at The 12^  ^International Symposium on Radiation Physics 
(ISRP-12), Rio de Janeiro, Brazil, 6 - 1 2  Oct. 2012.
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